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Abstract	
Additive	Manufacturing	(AM)	is	a	revolutionary	technology	that	in	recent	years	has	become	
increasingly	visible	in	mainstream	media	and	is	in	the	process	of	being	developed	for	more	
widespread	industrial	applications.	One	of	the	challenges	that	has	hindered	the	growth	of	AM	
in	industry	has	been	the	aspect	of	surface	finish,	particularly	in	the	use	of	Laser	Sintering	(LS).	
The	surfaces	produced	are	often	perceived	to	be	of	a	lower	quality	than	those	of	other	more	
traditional	techniques.	One	of	the	ways	in	which	developments	have	been	made	to	address	
this	 issue	 is	 to	 use	 different	 post-processing	 techniques	 to	 achieve	 a	 variety	 of	 surface	
finishes.	 These	 decisions	 are	 often	made	 by	 the	machine	manufacturers	 and	 researchers	
without	any	input	from	the	product	consumers.	
	
This	thesis	aims	to	include	the	consumer	in	the	surface	finish	decision-making	process.	The	
main	 focus	 is	 to	 investigate	 the	consumer	perceptions	of	different	LS	 surface	 finishes	and	
roughness	 through	 the	utilisation	and	adaptation	of	human	 interaction	and	 social	 science	
techniques.		
	
A	group	of	44	participants	performed	a	number	of	blind	trials	on	different	roughness	parts.	It	
was	found	that	up	to	a	certain	point	a	decrease	in	roughness	led	to	a	growth	in	perceived	
quality,	but	this	increase	was	not	infinite.	All	users	identified	roughness	and	smoothness	as	
directly	relating	to	quality;	whilst	other	vocabulary	was	used	to	describe	quality,	these	did	not	
translate	to	“real”	effects	during	testing.		
	
Crucially	50%	of	participants’	opinions	of	quality	changed	when	allowed	to	perform	a	visual	
assessment	of	the	parts.	
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	1 Introduction	and	Manufacturing	
Overview	
1.1 Background	overview	
Traditionally,	manufacturing	techniques	have	followed	subtractive	or	formative	methods	to	
generate	 parts,	 whereby	 products	 are	 created	 from	 the	 remaining	 bulk	 material	 or	 by	
application	of	an	external	force	to	modify	its	shape.		
	
Additive	Manufacturing	(AM)	is	a	useful	alternative	method	that	can	be	used	to	manufacture	
complex	geometries.	To	create	a	product	using	AM,	it	is	first	developed	using	Computer	Aided	
Design	(CAD)	software,	which	is	then	sliced	into	thin	layers.	These	slices	are	then	used	as	a	
model	 for	 the	 machine	 to	 build	 parts	 upwards	 layer	 by	 layer.	 This	 allows	 for	 parts	 and	
products	to	be	very	detailed	without	an	increase	in	manufacturing	time,	as	shown	in	Figure	
1.1.	
	
	
Figure	1.1	-	Schematic	of	the	additive	manufacturing	process	[1]	
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The	British	Standard	of	the	General	Principles	and	Terminology	of	AM	defines	it	as:	
	
	“the	process	of	joining	materials	to	make	parts	from	3D	model	data,	usually	layer	upon	layer,	
as	opposed	to	subtractive	manufacturing	and	formative	manufacturing	methodologies.”	[2]		
	
1.1.1 Benefits	
AM	has	many	advantages	over	its	traditional	counterparts,	including	[3]:	
	
Increased	design	freedom			
The	 manufacturing	 method	 of	 joining	 layers	 consecutively	 gives	 designers	 the	 ability	 to	
manufacture	parts	of	high	complexity	and	detailed	geometry.	This	is	due	to	access	to	internal	
components	 of	 the	 parts	 during	 the	 manufacturing	 process	 that	 would	 otherwise	 be	
concealed	 or	 difficult	 to	 reach	 with	 tools.	 The	 increased	 design	 freedom	 also	 leads	 to	 a	
reduced	need	for	tooling.	
	
Personalisation		
The	 customisation	 of	 additive	 manufactured	 parts	 provides	 an	 economic	 low-volume	
production	 whilst	 also	 giving	 consumers	 personalised	 parts.	 This	 includes	many	 different	
sectors	 such	 as	 medicine,	 fashion,	 engineering,	 etc.	 Bespoke	 parts	 are	 often	 difficult	 to	
produce	and	far	more	expensive	to	manufacture	using	other	methods.			
	
Optimisation		
AM	parts	do	not	need	to	be	pre-designed	into	modular	parts	–	the	parts	can	be	built	into	their	
assembly,	which	 encourages	 far	more	 possibilities	 in	 design	 that	 have	 not	 been	 available	
previously.	 	 The	 optimisation	 of	 parts	 can	 also	 be	 improved	 due	 to	 increased	 geometric	
complexity	 that	 can	 be	 achieved	 through	 using	 CAD	 software.	 This	 can	 lead	 to	 improved	
weight,	strength,	airflow,	heat	transfer,	etc.	An	optimised	automotive	part	is	shown	in	Figure	
1.2.	
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Figure	1.2	-	Optimisation	of	an	automotive	part	[4].	The	original	part	can	be	seen	on	the	left	with	the	optimised	part	on	the	
right.	
The	optimised	automotive	part	in	Figure	1.2	shows	a	part	has	been	manufactured	using	less	
material,	but	that	has	better	strength	due	to	its	strategically	placed	strut	composition.	This	
was	optimised	using	a	computer	simulation	software	to	find	the	ideal	structure	for	the	part.	
	
Time	scale	
AM	 is	 a	 very	 quick	 technique.	 What	 used	 to	 take	 days	 or	 even	 weeks	 to	 manufacture	
previously,	can	now	take	place	in	a	matter	of	hours,	due	to	multiple	part	manufacturing	and	
no	need	to	make	moulds	beforehand.	This	leads	to	a	massive	saving	of	cost	for	on-demand	
manufacturing	models.		
	
Less	material	wastage	
As	 the	 parts	 are	 built	 by	 adding	 material,	 there	 is	 far	 less	 material	 waste	 compared	 to	
subtractive	manufacturing.	In	some	AM	technologies,	what	little	waste	material	there	is	can	
be	re-used	and	recycled	to	create	other	parts.	
	
1.1.2 Limitations	
Although	AM	has	many	useful	advantages,	it	also	has	some	limitations	[5]:	
	
Materials	
The	 range	 of	 materials	 available	 for	 this	 technology	 is	 fairly	 limited	 depending	 on	 the	
particular	method	and	the	cost	of	the	available	materials	is	high,	which	has	led	to	limited	use	
in	 industry.	 The	material	 costs	 are	 often	 higher	 due	 to	 the	 pre-manufacture	 preparation	
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needed	to	make	the	materials	viable	for	different	processes.		Also,	the	mechanical	properties,	
accuracy,	geometric	tolerances,	etc.	are	not	always	obtained	on	every	build.	
	
Component	size		
The	size	of	the	build	envelope	[2]	is	dependent	on	the	AM	technology	used	and	the	size	of	
each	 machine.	 The	 size	 of	 the	 build	 envelope	 and	 processing	 time	 is	 different	 for	 each	
machine	and	technology.	This	is	often	a	limitation	when	large	parts	need	to	be	manufactured	
especially	in	laser-based	processes	[3].		
	
Integrity	of	parts		
The	 integrity	 of	 parts	 such	 as	mechanical	 properties,	 accuracy,	 geometric	 tolerances	 and	
surface	finish	[6]	are	all	build	factors	that	are	being	developed	and	improved	[7].	Depending	
on	the	method	of	AM	An	example	of	poor	surface	quality	is	shown	in	Figure	1.3.	
	
	
Figure	1.3	-	An	example	of	a	poor	surface	finish	to	an	AM	part	[7]	
Training	
Due	 to	 the	 freedom	 of	 design	 available	 in	 this	 method	 of	 manufacture,	 this	 tends	 to	
encourage	 informal	 design	methods,	 which	may	 cause	 extra	 problems	 once	 a	 product	 is	
made.	It	is	essential	to	still	carry	out	finite	element	analysis	before	a	build	to	check	how	the	
stresses	and	strains	will	react	in	the	material	and	ensure	that	the	correct	decisions	are	made	
through	experienced	training	in	software	and	the	different	machines.	
	
It	is	the	integrity	of	the	surface	finish	of	AM	parts	that	provides	the	main	focus	for	exploration	
in	this	project.	
	
	
	
	 Introduction	and	Manufacturing	Overview	
	 5	
1.2 Aim	and	approach	of	project	
Currently,	machine	manufacturers	and	researchers	are	the	most	prominent	decision	makers	
in	the	advances	of	AM;	industrial	input	is	increasing,	but	end-use	consumers	have	yet	to	be	
involved.		
	
1.2.1 Aim	
Surface	finish	is	one	key	aspect	that	is	often	portrayed	as	a	challenge	for	AM,	especially	for	
the	Laser	Sintering	(LS)	method	which	will	be	studied	in	this	project.	It	is	widely	believed	that	
AM	products	do	not	have	the	 immediate	quality	of	surface	finish	that	 industry	requires	to	
take	on	 this	 type	of	manufacture	 [7].	However,	 to	date	 there	 is	 a	 lack	of	 consumer	 input	
regarding	this	issue.	Therefore,	the	aim	of	this	project	will	be:		
	
To	utilise	and	adapt	social	science	techniques	to	investigate	perceptions	of	different	surface	
finishes,	particularly	LS	parts.	
	
1.2.2 Approach	
Application	focus	
To	carry	out	this	aim,	the	application	focus	had	to	be	something	that	a	consumer	would	be	
familiar	with	and	use	 frequently	with	 their	hands	 to	 follow	 in	 line	with	haptic	exploration	
techniques	outlined	by	Lederman	and	Klatzky	[8-10].	To	coincide	and	follow	on	from	work	
carried	out	by	a	Masters	student,	it	was	decided	to	use	mobile	phone	cases	as	the	application	
focus	for	this	project.	
	
Consumer	focus	
The	 target	 audience	 for	 this	 project	 was	 the	 average	 young	 consumer,	 ranging	 in	 years	
between	18	and	30	years.	This	particular	audience	was	chosen	as	it	was	seen	to	be	the	group	
of	people	who	would	be	 the	most	 likely	 to	 spend	money	on	 consumer	goods	of	 a	higher	
quality	(such	as	mobile	phone	cases),	due	to	extra	disposable	income	[11].	
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Structure	
This	 thesis	 will	 begin	 with	 a	 review	 of	 relevant	 AM	 and	 surface	 finish	 literature,	 before	
discussing	the	ways	in	which	people	interact	with	objects,	and	methods	of	evaluating	their	
responses.	A	combination	of	this	literature	and	targeted	focus	groups	will	be	used	to	design	
and	 conduct	 a	methodology	 to	 assess	 user	 perceptions	 of	 quality	with	 respect	 to	 surface	
finish.	Results	will	be	presented	and	analysed	before	presenting	discussions,	conclusions	and	
further	work	recommendations.	The	structure	of	this	thesis	can	be	found	in	Figure	1.4.	
	
	
Figure	1.4	-	Schematic	of	thesis	structure	
	 Introduction	and	Manufacturing	Overview	
	 7	
1.3 Manufacturing	
Manufacturing	has	developed	 throughout	 time,	not	only	 in	 size	on	a	very	 large	 scale,	but	
through	its	adopted	methods	as	well.	The	verb	to	manufacture	is	“the	action	or	process	of	
making	or	producing	articles,	material,	or	a	commodity	 (in	modern	use,	usually	on	a	 large	
scale)	by	physical	 labour,	machinery,	etc.”	 [12].	As	technology	has	developed,	so	have	the	
methods	used	in	manufacturing.	
	
There	 are	 three	 main	 methods	 of	 manipulating	 materials	 in	 manufacturing:	 subtractive	
shaping,	formative	shaping	and	additive	shaping	[13]	as	shown	in	Figure	1.5.	
	
	
Figure	1.5	-	The	three	main	methods	of	material	manipulation.	Adapted	from	[14].	
The	 British	 Standard	 for	 AM	 general	 principles	 terminology	 states	 that	 these	 three	
manufacturing	processes	are	[2]:	
	
• Subtractive	shaping	–	the	desired	shape	is	acquired	by	selective	removal	of	material,	
examples:	milling,	turning,	drilling,	EDM,	etc.	One	main	advantage	to	this	method	is	
the	ability	to	machine	very	thin	and	detailed	parts,	like	a	living	hinge,	which	cannot	be	
manufactured	 through	 other	 processes.	 However,	 there	 are	 limitations	 in	 the	
geometries	it	can	produce.	
• Formative	shaping	–	the	desired	shape	is	acquired	by	application	of	pressure	to	a	body	
of	 raw	material,	 examples:	 forging,	 bending,	 casting,	 injection	moulding,	 etc.	 This	
allows	a	wide	variety	of	materials	for	high	volume	manufacturing,	with	low	costs	per	
part.	However,	tooling	is	often	needed	afterwards	with	long	lead	times	and	often	at	a	
high	cost.	
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• Additive	shaping	–	the	desired	shape	is	acquired	by	successive	addition	of	material.	
This	 produces	 complex	 geometries	 easily	 and	 eliminates	 the	 need	 for	 tooling.	
However	additive	shaping	is	limited	in	material	choice,	tolerances	and	number	of	parts	
that	can	be	made.	This	thesis	focusses	on	this	method	of	shaping.	
	
1.3.1 Additive	Manufacturing	(AM)	
The	 additive	 process	 is	 a	method	 of	manufacture	 that	 is	 still	 developing.	 AM	 technology	
applies	the	additive	shaping	principle	and	thereby	builds	physical	3D	geometries	by	successive	
addition	of	material	[2].	AM	can	also	be	known	as	3D	printing,	and	other	historical	terms	are	
additive	 fabrication,	additive	processes,	additive	 techniques,	additive	 layer	manufacturing,	
layer	manufacturing,	solid	freeform	fabrication	and	freeform	fabrication	[2].	
	
Process	
There	is	a	general	method	that	most	additive	manufacturing	processes	follow	as	explained	by	
Gibson,	Rosen	and	Stucker	[15].	The	process	is	illustrated	in	Figure	1.6.	
	
	
Figure	1.6	-	An	overview	of	the	AM	process.	Adapted	from	[16]		
	
File	preparation	
Firstly,	a	design	is	created	on	a	piece	of	CAD	software.	This	describes	the	external	geometry	
of	the	product	in	three	dimensions,	showing	what	the	end	product	should	look	like.	Once	this	
is	 complete,	 the	Computer-Aided	Design	 (CAD)	 file	must	 then	be	converted	 to	a	Standard	
Tessellation	Language	(STL)	format.	This	is	a	triangulated	format	where	the	surface	is	covered	
in	a	mesh	of	triangles	that	are	used	to	reference	points	on	the	surface	of	the	design.	The	STL	
file	describes	the	external	closed	surfaces	of	the	original	CAD	model	and	forms	the	basis	for	
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the	 calculation	 of	 the	 slices.	 This	 generates	 the	 correct	 size,	 position	 and	 orientation	 for	
building.		
	
Build	set-up	
This	file	is	then	transferred	to	the	additive	manufacturing	machine.	Once	the	machine	is	set	
up	with	regards	to	build	parameters,	the	build	then	takes	place,	with	some	processes	using	
extra	material	to	support	the	part	as	it	builds.		
	
Physical	
The	build	is	a	mainly	automated	process	and	only	superficial	monitoring	needs	to	take	place	
to	 ensure	 there	 are	 no	 errors.	 Once	 the	 build	 has	 taken	 place	 and	 the	machine	 has	 had	
sufficient	time	to	cool	down	if	necessary,	the	parts	and	supports	can	then	be	removed	and	
post-processed	if	need	be.	A	flow	chart	of	the	generic	process	chain	is	shown	in	Figure	1.7.	
	
Figure	1.7	-	Flow	chart	showing	the	generic	process	chain	of	Additive	Manufacturing	
	
1.3.2 Methods	of	Additive	Manufacturing	
The	British	and	American	Society	for	Testing	and	Materials	(ASTM)	standard	states	that	there	
are	7	different	process	categories	for	AM	[2]:	
	
	
	
	
	
	
File	Preparation
Create	3D	CAD	
model
Generate	.stl	file
Check	and	repair	
.stl	file
Build	set-up
Orient	parts
Generate	
supports
Slice	part	
horizontally
Physical
Build	part	layer-
by-layer
Remove	
supports
Post	processing
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Binder	Jetting	
Binder	 jetting	 is	 an	 AM	 process	 in	 which	 two	 different	 materials	 are	 used,	 a	 powdered	
material	and	a	bonding	agent.	A	layer	of	powder	is	spread	across	the	build	bed	and	then	a	
liquid	bonding	agent	is	selectively	deposited	to	join	the	powder	particles	together	for	each	
layer	[17].	After	each	layer	is	complete,	the	build	bed	is	lowered	by	the	layer	thickness	and	
then	the	process	repeats	until	 the	complete	part	 is	 finished	 in	the	powder	bed.	Figure	1.8	
shows	the	schematic		of	the	Binder	Jetting	process	along	with	the	different	coloured	binder	
feeders	to	create	coloured	parts.	
	
	
Figure	1.8	-	Schematic	of	the	Binder	Jetting	AM	process	[18]	
	
	
Directed	Energy	Deposition	
This	is	an	AM	process	in	which	focused	thermal	energy	is	used	to	fuse	materials	by	melting	as	
they	 are	 being	 deposited.	 It	 is	 often	 used	 on	 already	 existing	 parts	 for	 repairs	 or	 to	 add	
features	 [15].	Material	 for	 this	method	 is	 usually	 either	 in	wire	or	 powder	 form,	which	 is	
deposited	from	a	nozzle	on	a	multi-axis	arm	onto	the	surface	of	the	part	to	be	repaired.	This	
material	is	then	melted	using	either	a	laser	or	electron	beam.	The	layers	are	deposited	on	top	
of	one	another	until	the	repair	or	feature	is	complete	[19].	Figure	1.9	shows	the	process	used	
by	a	type	of	Directed	Energy	Deposition	named	an	Electron	Beam	Gun.	
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Figure	1.9	-	Schematic	of	the	Directed	Energy	Deposition	method,	specifically	and	Electron	Beam	Gun	[20]	
	
Material	Extrusion	
Material	 extrusion	 is	 an	 AM	 process	 in	which	material	 is	 selectively	 dispensed	 through	 a	
nozzle	or	orifice,	an	example	of	 this	 technology	 is	Fused	Deposition	Modelling	 (FDM).	The	
FDM	process	is	slightly	different	from	the	other	processes,	as	it	generates	items	by	extruding	
its	raw	material	through	a	nozzle.	The	nozzle	then	moves	both	horizontally	and	vertically	to	
create	each	2D	layer	of	the	final	product	[3].	Figure	1.10	is	a	schematic	of	the	FDM	process	
and	how	the	build	material	and	support	material	are	used	together	 to	create	the	 finished	
part.	
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Figure	1.10	-	Diagram	showing	the	FDM	process	[21]	
	
Material	Jetting	
This	 is	 an	 AM	 process	 in	 which	 droplets	 of	 build	 material	 are	 selectively	 deposited.	 The	
material	 jetting	process	uses	an	arrangement	of	printing	heads	 to	concurrently	 selectively	
deposit	an	acrylate-based	photopolymer	as	shown	in	Figure	1.11.	
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Figure	1.11	-	Schematic	of	a	jetting	droplet	system	[22]	
The	layers	are	then	cured	using	a	UV	lamp	that	passes	over	the	accumulated	material.	In	some	
cases	(InVision	process	from	3D	Systems),	the	layers	are	supported	using	jetting	wax.	These	
supports	can	then	be	removed	in	post	processing.	Jetting	can	also	be	a	thermal	phase	change	
technique	–	this	is	where	the	material	is	squeezed	out	hot	and	then	cools	quickly	to	solidity.	
	
Sheet	Lamination	
Sheet	lamination	is	an	AM	process	that	uses	stacked	sheets	of	material	(usually	paper)	that	
are	bonded	together	as	its	raw	material.	Each	sheet	of	paper	then	acts	as	a	layer,	which	is	cut	
separately	by	 the	 laser	 [23],	 as	 shown	 in	 Figure	1.12.	 This	 creates	 a	profile	 like	 the	other	
methods	that	is	built	from	the	bottom	up.		
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Figure	1.12	-	Schematic	of	the	LOM	machine	[24]	
Once	the	product	building	is	complete,	it	is	usually	post-processed	with	hand	tools,	which	can	
be	difficult	to	use	on	complicated	and	thin	geometries	due	to	the	material	properties	in	those	
states.	
	
Vat	Polymerisation	
Vat	polymerisation	is	an	AM	process	in	which	liquid	photopolymer	in	a	vat	is	selectively	cured	
by	 light-activated	polymerisation,	an	example	of	 this	 is	 Stereolithography	 (SL).	This	uses	a	
method	of	inducing	a	curing	response	in	a	photocurable	resin	with	an	ultraviolet	(UV)	laser	to	
build	products	one	layer	at	a	time.	The	products	generated	need	support	structures	to	attach	
the	part	to	the	build	platform	[25].		Figure	1.13	is	a	schematic	of	the	SL	process,	which	is	a	
type	of	vat	polymerisation.	This	shows	the	setup	of	the	apparatus.	
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Figure	1.13	-	Diagram	depicting	the	SL	process	[26]	
A	CAD	file	is	used	to	initiate	the	laser,	and	then	the	selected	part	is	cured	within	the	resin	and	
solidified	to	create	each	layer	separately	before	the	platform	is	lowered	for	the	next	layer	to	
be	produced	with	a	fresh	layer	of	liquid	resin.	After	the	product	is	manufactured,	the	excess	
resin	is	drained	and	can	be	reused	[27].	The	part	is	then	removed	from	the	machine,	the	parts	
can	then	be	removed	from	its	supporting	structures	and	post-processed	if	need	be.	
	
Powder	Bed	Fusion	
Powder	bed	fusion	is	an	AM	process	in	which	thermal	energy	selectively	fuses	regions	of	a	
powder	 bed,	 an	 example	 of	 this	 technology	 is	 Laser	 Sintering	 (LS).	 Consecutive	 layers	 of	
powdered,	raw	material	are	distributed	to	a	plane	surface,	usually	by	a	roller	as	shown	 in	
Figure	1.14	below,	although	the	EOS	systems	use	a	blade	to	dispense	the	powder.		
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Figure	1.14	-	Schematic	arrangement	of	a	conventional	LS	machine	with	roller	placement	of	powder	[28]	
The	 powder	 is	 then	 held	 at	 a	 temperature	 just	 below	 its	 melting	 point	 in	 the	 build	 bed	
chamber.	The	laser	then	selectively	scans	the	powdered	area	to	tip	the	temperature	of	the	
powder	 in	 contact	 over	 its	 melting	 point	 to	 create	 a	 2D	 shape	 that	 is	 supported	 by	 the	
surrounding	powder	once	it	solidifies.	
	
1.3.3 Method	Comparisons	
Each	of	the	methods	can	only	use	certain	types	of	materials	to	build	successful	parts.	Table	
1.1	is	adapted	from	Grenda	[29]	and	shows	the	different	materials	that	can	be	used	for	each	
process.		
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Table	1.1	-	AM	technologies	and	the	materials	used	to	make	direct	consumer	products	(adapted	from	[29])	
Method	 Plastic	 Metal	 Ceramic/other	
Binder	Jetting	 	 ✔	 ✔	
Directed	Energy	Deposition	 	 ✔	 ✔	
Material	Extrusion	 ✔	 	 ✔	
Material	Jetting	 ✔	 ✔	 	
Sheet	Lamination	 	 	 ✔	
Vat	Polymerisation	 ✔	 	 ✔	
Powder	Bed	Fusion	 ✔	 ✔	 	
	
	
Each	of	the	AM	methods	have	their	own	benefits	and	limitations	as	stated	in	Table	1.2.	LS	was	
the	chosen	method	to	manufacture	the	parts	for	this	project	to	focus	on	its	main	limitation	
of	poor	surface	finish,	also	due	to	machine	availability.	
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Table	1.2	-	Table	of	benefits	and	limitations	of	AM	methods	
Method	 Benefits	 Limitations	
Binder	Jetting	
-	No	support	structures	
-	Low	materials	cost	
-	Colour	output	
-	Poor	surface	finish	
-	Limited	material	selection	
-	Poor	mechanical	properties	
Directed	Energy	
Deposition	
-	Can	be	used	on	already	existing	parts	for	
repairs	or	to	add	features	
-	More	control	over	grain	structure	
-	Varying	surface	finishes	depending	on	
material	
-	Limited	material	selection	
Material	
Extrusion	
-	More	affordable		
-	More	accessible	
-	Good	for	conceptual	models	
-	Poor	surface	finish	
-	Poor	mechanical	properties	
-	Not	for	accurate	part	generation	
Material	Jetting	
-	High	accuracy	of	parts	
-	Can	print	with	multiple	materials	at	once	
-	Needs	support	material	
-	Materials	are	expensive	to	manufacture	
[15]	
Sheet	
Lamination	
-	No	support	structures	
-	Faster	build	times	
-	Poor	surface	finish	
-	Inconsistent	bonds	between	layers	
Vat	
Polymerisation	
-	Good	surface	finishes	
-	Thin	layers	[3]	
-	Good	detail	[15]	
-	Must	be	post-processed	in	a	UV	or	
thermal	oven	for	curing	[3]	
-	Poor	thermal	and	mechanical	properties	
[15]	
-	Needs	support	structures	
Powder	Bed	
Fusion	
-	Surrounding	powder	acts	as	support	
structure	
-	Large	range	of	materials	
-	Size	limitations	
-	Poor	surface	finish	
	
	
1.3.4 Applications	
The	current	and	potential	applications	of	laser	sintering	span	many	different	industries	[3]:	
	
Consumer	Goods	
AM	 has	 an	 impressive	 potential	 market	 in	 the	 consumer	 goods	 sector.	 This	 is	 due	 the	
increased	design	freedom	available	through	the	CAD	design	process	as	shown	in	Figure	1.15.		
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Figure	1.15	-	Examples	of	consumer	goods	manufactured	using	AM.	A	complex	geometry	part	[30]]	(left)	and	printed	trainer	
soles	[31]]	(right)	
	
	The	shoes	shown	in	Figure	1.15,	demonstrate	the	wide	personalisation	and	optimisation	that	
is	 achievable	 through	 this	 technology.	 The	 consumer	 would	 have	 had	 a	 consultation	 to	
determine	 the	 best	 shoe	 soles	 for	 them	 and	 then	 the	 parts	would	 have	 been	 printed	 on	
demand	for	them.	
	
Fashion	Industry	
The	combination	of	the	fashion	industry	and	AM	give	designers	the	freedom	to	make	items	
of	clothes	or	jewellery	that	would	have	been	difficult	or	impossible	to	make	before.	Figure	
1.16	shows	an	AM	dress	that	has	been	designed	using	links	similar	to	chain-mail	(left).	Due	to	
the	dress	being	made	out	of	a	polymer	material,	the	dress	is	much	more	light-weight	than	its	
traditional	metal	copy	would	have	been.	
	
	
Figure	1.16	-	Examples	of	items	from	the	fashion	industry.	A	printed	dress	[32]]	(left)	and	a	printed	designer	necklace	[33]	
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Industrial	(civil/automotive)	
Industry	is	slowly	adopting	AM	to	some	of	its	sectors.	This	is	due	to	the	parts’	surface	finishes	
and	 tolerances	 not	 being	 as	 consistent	 as	 is	 needed	 for	 the	 application.	 However,	 AM	 is	
gradually	being	integrated	into	the	sector	and	with	Figure	1.17	depicting	a	concrete	printed	
house	[34]	and	an	engine	AM	component	by	Ford	[35].		
	
	
Figure	1.17	-	Two	examples	of	items	made	using	AM	from	the	engineering	industry.	A	concrete	printed	house	[34]]	(left)	and	
a	printed	car	engine	part	by	Ford	[35]	
	
Medical	
The	medical	 industry	 is	 greatly	benefitting	 from	 the	 customisable	 aspect	of	AM.	 The	 lead	
times	of	many	procedures	is	being	cut	dramatically	due	to	the	3D	scanning	and	AM	abilities	
of	the	process.	This	means	that	there	is	not	a	long	wait	for	injection	moulded	parts	to	be	cast	
and	then	set.	One	example	of	this	is	a	cranial	implant	as	shown	in	Figure	1.18	
	
	
Figure	1.18	-	An	example	of	an	item	made	using	AM	from	the	medical	sector.	A	cranial	implant	[5].	
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1.4 Sintering	
1.4.1 Background	
Sintering	 is	 a	 technique	 that	 has	 been	 practiced	 for	 centuries;	 some	 examples	 of	 early	
sintering	 pieces	were	 bricks	 heated	 in	 open	 fires	 and	 firing	 porcelain.	 Sintering	 is	 usually	
apparent	at	temperatures	above	half	of	the	absolute	melting	temperature	of	a	material	[36].	
The	verb	to	sinter	from	the	Oxford	English	Dictionary	is	“to	coalesce	from	powder	into	solid	
by	heating	(and	usually	also	compression)”	[12],	which	reduces	the	surface	area	of	a	mass	of	
powder	by	melting,	to	create	a	solid	final	product.	The	main	aim	of	sintering	is	to	reduce	the	
amount	of	porosity	 in	a	material	 to	generate	a	part	with	 increased	density.	This	creates	a	
porous	medium	of	two	phases:	a	phase	of	substance	and	a	phase	of	voids	[37].	The	voids	in	
this	case	are	not	desirable.	There	are	three	possible	driving	forces	of	sintering:	surface	free	
energy,	applied	pressure	and	chemical	reactions,	as	shown	in	Figure	1.19.		
	
	
Figure	1.19	–	The	three	main	driving	forces	of	solid	densification	[38]	Adapted	from	[39].	
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Apart	 from	 controlling	 the	 density,	 sintering	 can	 also	 be	 used	 to	 eliminate	 any	 irregular	
curvatures	on	the	surface	of	a	part	[36].	Any	concave	or	convex	shapes	on	the	surfaces	will	
naturally	 flatten	out	during	the	sintering	process	due	to	the	transport	of	mass	around	the	
irregularities.	It	is	the	surface	tension	and	surface	free	energy	that	induces	this	mass	flow	[40].	
The	sintering	process	can	be	placed	into	four	stages	as	shown	in	Figure	1.20.	
	
1. Powder	before	sintering	
2. Formation	of	grain	necks	
3. Evolution	of	necks	and	Grain	Boundaries	(GBs)	and	the	elimination	of	pores	
4. Isolation	of	pores.	
	
	
Figure	1.20	-	The	four	stages	of	sintering	[41]		
	
To	increase	the	density	of	a	part,	it	is	vital	that	the	pore	count	and	size	is	minimal	so	as	to	
create	fully	dense	parts	with	good	mechanical	and	structural	properties.	
	
For	years,	sintering	was	defined	as	a	 technological	process	of	obtaining	sintered	materials	
from	powdered	systems	[42],	but	Frenkel	developed	the	first	theory	of	sintering	in	his	two-
particle	system	[43].	He	deduced	that	solid	materials	at	high	temperatures	have	similar	flow	
to	the	flow	of	viscous	liquids,	which	is	the	basis	of	his	theory.	
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1.4.2 Combining	two	particles	theory	
The	theory	of	combining	the	particles	is	incredibly	simplified,	as	the	combining	of	the	particles	
in	the	sintering	process	is	shown	in	Figure	1.21.	
	
	
Figure	1.21	-	The	particles	fusing	together	in	the	sintering	process	
The	spheres	in	Figure	1.21	each	represent	a	spherical	particle.	This	is	where	two	particles	are	
initially	in	contact	at	a	point.	After	a	certain	amount	of	time,	the	drops	will	be	in	contact	along	
a	circular	cross-section	with	a	radius	of	y	as	shown	in	Figure	1.22,	and	also	that	the	remaining	
parts	of	both	particles	keep	their	spherical	shape:	
	
	
Figure	1.22	-	An	adaption	diagram	of	Frenkel's	two-particle	model	[43]	
The	rate	of	neck	growth	in	the	two-particle	system	is	based	upon	Frenkel’s	initial	theory	in	
Equation	1.1	[43]	
	
Equation	1.1	–	Rate	of	neck	growth	
! = 23 %&'!	
	
Where	!	is	the	rate	of	neck	growth,	γ	is	the	surface	tension,	R	is	the	particle	radius,	η	is	the	
viscosity	and	y	is	the	cross-sectional	neck	radius.	This	is	a	highly	simplified	description	of	what	
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happens	 theoretically	 during	 the	 sintering	 process	 and	has	 been	modified	many	 times	by	
other	authors	[40,	43,	44]	
	
Sintering	has	a	driving	force,	which	is	the	reduction	of	the	total	interfacial	energy	γA,	which	
in	 turn	 is	 comprised	 of	 the	 change	 in	 interfacial	 energy,	 γ,	 and	 the	 change	 in	 the	 areas	
between	the	particles,	A.	The	reduction	of	total	energy	can	be	shown	as	in	Equation	1.2	[44].	
	
Equation	1.2	–	Reduction	of	total	energy	∆ %) = ∆%) + %∆)	
	
The	change	in	interfacial	energy	is	due	to	the	densification	and	the	change	in	interfacial	area	
is	due	to	coarsening	as	shown	in	Figure	1.23.	
	
	
Figure	1.23	-	Diagram	showing	the	basic	phenomena	that	happens	during	sintering	[44]	
	
Figure	1.23	is	a	useful	way	of	visualising	how	the	particles	become	sintered	in	slightly	different	
ways.	
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The	main	factors	that	affect	the	rate	of	neck	growth	are	taken	from	process	variables	and	
material	variables:	
	
• Temperature	
• Pressure	
• Atmosphere	
• Heating	rate	
• Cooling	rate	
• Powder	particle	size	
• Powder	particle	shape	
	
The	above	can	all	affect	the	rate	at	which	the	particles	will	sinter	and	by	controlling	these,	it	
is	much	easier	 to	predict	what	will	happen.	The	way	 in	which	 the	sintering	 theory	will	be	
described	gives	a	simplified	idea	of	the	theory,	but	simulations	can	provide	more	accuracy.	
	
1.4.3 Types	of	sintering	
There	are	two	main	types	of	sintering:	liquid	phase	sintering	and	solid	state	sintering	(with	
some	in	between	stages).		
	
Solid	state	sintering	
Solid	 state	 sintering	 happens	 when	 a	 powder	 is	 densified	 entirely	 in	 a	 solid	 state	 at	 the	
sintering	temperature,	which	is	below	the	material’s	melt	temperature.	This	gives	very	strong	
mechanical	properties	to	the	material.	
	
Liquid-phase	sintering	
Liquid	phase	sintering	occurs	when	there	is	a	liquid	phase	existent	during	the	sintering	of	the	
powder.	 This	 allows	 an	 easier	 control	 of	 the	microstructure,	 but	 does	 not	 give	 as	 strong	
mechanical	properties	as	the	solid	state	sintering	does.	
	
	
Process	Variables	
Material	Variables	
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1.4.4 Laser	sintering	(LS)	
Laser	sintering	with	polymers	uses	the	liquid	state	sintering	technique,	the	basic	principle	of	
which	is	to	fuse	layers	together	using	a	CO2	laser.	A	powdered	raw	material	is	used	to	build	
parts	layer	by	layer,	typically	0.1mm	thick.	Each	layer	is	then	scanned	and	sintered	by	the	laser	
to	create	a	2D	solid	shape	that	 is	supported	by	the	surrounding	powder.	Another	 layer	of	
powder	is	then	deposited	on	top	of	the	layer	below	and	the	process	is	repeated	until	a	3D	
object	is	created	in	a	cake	of	powder.	The	powder	and/or	part	bed	is	usually	preheated	before	
this	process.	Figure	1.24	shows	an	example	of	the	LS	process.	
	
	
Figure	1.24	-	Schematic	arrangement	of	a	conventional	LS	machine	with	roller	placement	of	powder	[45]	
There	are	a	few	manufacturers	of	laser	sintering	machines,	two	of	the	larger	manufacturers	
are:	EOS	and	3D	Systems.	EOS	uses	a	blade	for	powder	deposition	and	preheats	the	powder	
bed,	whereas	3D	Systems	uses	a	roller	for	the	powder	deposition	and	preheats	the	powder	
instead	of	the	build	bed.	For	this	thesis,	the	P100	EOS	system	will	be	used	for	the	building	of	
any	laser	sintered	parts.	
	
Laser	 sintering	 is	 a	 precise	method	 of	manufacture,	 giving	 the	 designer	 almost	 complete	
design	freedom	dependent	on	their	CAD	drawing	skills.		
	
Factors	affecting	the	LS	process	
During	the	laser	sintering	process,	the	following	factors	must	be	considered	when	planning	a	
build:	
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Powder	
There	are	a	range	of	polymers	and	filled	polymers	available.	For	this	project,	the	standard	
unfilled,	Nylon-12	powder	was	used.	This	is	a	standard	material	used	in	this	process	and	can	
be	utilised	for	a	wide	range	of	application	parts	and	therefore	is	a	good	material	in	which	to	
base	investigations	on	surface	finish	about.	There	are	five	different	states	that	the	powder	
can	be	in	as	explained	in	the	EOS	manual	[46]:	
	
1. New	powder	–	virgin	powder	that	has	not	yet	been	used.	
2. Used	powder	–	plastic	powder	that	must	be	sieved	and	regenerated	prior	to	further	
use.	
3. Recycled	powder	–	sieved	used	powder	that	can	be	used	for	regeneration.	
4. Regenerated	powder	–	a	mixture	of	recycled	powder	and	new	powder.	
5. Waste	 powder	 –	 residue	 from	 the	 sieve	 or	 plastic	 powder	 that	 has	 already	 been	
removed	from	unpacking	the	parts.	
	
These	should	all	be	separated	from	each	other	to	ensure	that	they	are	not	contaminated.	
There	can	be	some	problems	when	handling	 the	powder,	one	of	 them	being	electrostatic	
charging	of	the	powder	during	sieving,	mixing	or	transferring	the	powder	into	bins.	To	avoid	
this	problem,	the	powder	should	be	stored	after	mixing	to	allow	it	to	settle.	
	
For	this	project,	new,	used	and	regenerated	powder	was	 investigated	to	see	the	effect	on	
surface	 finish.	The	storage	and	maintenance	of	 the	powder	 is	 important	 to	allow	the	best	
possible	results	when	trying	to	improve	the	surface	finish	of	laser	sintered	parts.	
	
Building	Temperature	
The	building	temperature	is	the	temperature	of	the	process	chamber.	The	suggested	building	
temperature	was	dependent	on	the	material	that	is	being	used.	The	polymer	material	used	in	
this	project	is	a	nylon-12	polymer	and	the	recommended	building	temperature	for	this	is	just	
below	the	melt	temperature,	so	the	laser	only	has	to	input	a	small	amount	of	energy	[46].		
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If	the	building	temperatures	are	too	low,	this	will	cause	the	outer	areas	of	the	layers	to	roll	
upwards	(known	as	curling).	If	the	building	temperatures	are	too	high,	this	may	cause	all	of	
the	plastic	to	melt,	which	can	be	very	problematic,	not	only	for	the	build,	but	for	the	machine	
too.	It	can	also	cause	the	re-coater	blade	to	be	soiled	in	melted	plastic,	which	will	then	cause	
irregular	 recoating	 of	 each	 layer	 and	 tearing	 out	 of	 parts	 from	 the	 powder	 bed.	 Another	
reason	for	not	overheating	the	bed	is	that	it	prevents	the	powder	from	being	recyclable	as	
the	particles	become	damaged	from	the	excessive	heat.	By	changing	the	temperatures	of	the	
bed	temperature,	this	also	effects	the	properties	of	the	parts	being	built.		
	
Process	related	effects	
To	improve	the	part	quality	of	the	piece	that	is	being	built,	it	is	useful	to	take	into	account	the	
positioning	 and	 orientation	 of	 the	 parts	 in	 the	 building	 chamber	 to	 make	 a	 constructive	
influence	to	improving	the	part	properties.	For	example,	the	most	successful	area	to	place	
the	part	is	in	the	middle	of	the	build	bed	and	away	from	other	parts	being	built	to	ensure	the	
following	problems	do	not	affect	the	part	[46].	
	
Shrinkage	
Once	the	part	has	been	made	it	contracts	during	cooling	due	to	physical	processes.	If	the	build	
bed	cools	at	an	uneven	rate,	this	can	 lead	to	the	part	shrinking	 in	different	magnitudes	 in	
different	directions	[46].	By	ensuring	the	parts	are	well	spread	out	within	the	build	can	create	
less	of	a	chance	of	a	“hot	spot”	developing	and	will	give	a	more	even	cooling	rate.		The	laser	
sintering	machine	software	usually	scales	the	part	up	by	the	magnitude	of	shrinkage	for	that	
material	 to	 compensate	 for	 this,	 but	 it	 should	 still	 be	 considered	 in	 the	 design	 process,	
especially	for	parts	that	need	exact	geometry	and	tolerances.	
	
Distortion	
Distortion	occurs	when	 there	are	 large	 thermal	differences	during	 the	building	process	or	
during	cooling	process	afterwards,	which	results	in	warped	parts.	It	is	equally	dependent	on	
the	material	used	and	the	geometry	of	the	part.	The	optimal	setting	of	the	process	chamber	
temperature	and	 the	 removal	 chamber	 temperature	within	 the	 Formiga	P100	 system	can	
positively	influence	the	distortion	behaviour.		
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The	following	types	of	distortion	can	occur	during	[46]:	
	
• Building	Phase	–	due	to	excessively	quick	cooling	of	the	individual	layers	in	the	process	
chamber	there	can	be	fluctuations	in	the	application	of	the	powder.	
• Cooling	Phase	–	failure	to	comply	with	the	recommended	cooling	time,	removing	the	
exchangeable	frame	too	soon	or	premature	opening	of	the	chamber	door	will	result	
in	the	overall	job	cooling	down	too	quickly.	For	physical	reasons,	the	part	cools	down	
unevenly	from	the	bottom	to	the	top	and	from	the	outside	inwards,	which	can	result	
in	the	distortion	of	the	part	in	the	layers	at	the	bottom.	
For	parts	that	are	critical	in	relation	to	distortion,	powder	generously	regenerated	with	new	
powder	 should	 be	used.	 There	 is	 a	 general	 rule	 of	 thumb:	 the	higher	 the	portion	of	 new	
powder,	the	less	distortion	on	the	parts.	
	
Build	orientation	and	placement	
The	 literature	also	 suggests	 that	 the	orientation	and	placement	of	 LS	parts	 can	affect	 the	
parts’	performance	properties	and	surface	finish	[47,	48].	Ellis	et	al.	found	that	parts	build	at	
0°	and	90°	to	the	bottom	of	the	build	bed	created	the	smoothest	surface	finish	results	without	
post-processing	 techniques	 [49].	 Parts	 built	 at	 15°	 and	 30°	 to	 the	 build	 bed	 had	 rougher	
surface	finishes	with	visibly	apparent	“stair-stepping”.		This	was	investigated	with	the	parts	
created	for	this	project	to	confirm	whether	this	was	true	for	the	EOS	P100	machine	in	Chapter	
4.	
	
1.4.5 EOS	Formiga	P100	Laser	Sintering	System	
This	is	the	LS	system	that	will	be	used	for	the	making	of	the	test	pieces	later	on	in	the	research.	
	
Machine	and	accessories	
The	P100	Machine	has	some	accessories	that	are	used	in	conjunction	with	it	to	create	the	
polymer	parts.	
	
	
	
	 Introduction	and	Manufacturing	Overview	
	 30	
Machine	
Below	in	Figure	1.25,	is	the	P100	Machine.	This	is	where	the	sliced	CAD	files	are	made	into	
actual	3D	parts.	
	
	
Figure	1.25	-	The	P100	Laser	Sintering	Machine	
The	screen	 to	 the	 right	of	 the	machine	 is	 the	monitor	where	all	of	 the	main	controls	are,	
including	where	to	find	the	process	window	giving	a	live	update	of	the	build.	
	
Unpacking	and	Processing	Station	
Once	the	part	has	been	built	and	cooled	down,	the	building	bin	can	then	be	exported	from	
the	P100	machine	and	placed	in	the	unpacking	and	processing	station,	as	seen	in	Figure	1.26,	
for	post-processing.	
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Figure	1.26	-	The	Unpacking	and	Processing	Station	with	building	bins	to	the	right	of	the	station	
Mixing	Station	
The	mixing	station,	as	shown	in	Figure	1.27,	is	where	the	new	and	recycled	powders	are	mixed	
before	building	to	ensure	a	regenerated	powder	to	be	used	in	the	build.	
	
	
Figure	1.27	-	The	Mixing	Station	
The	powder	bin	is	placed	on	the	mixing	station	and	then	rotated	continuously	for	a	pre-set	
time.	Once	this	time	has	elapsed,	the	regenerated	powder	of	new	and	recycled	powders	is	
then	ready	for	building.	This	process	may	cause	electrostatic	charging	of	the	powder,	which	
is	undesirable	and	will	cause	the	plastic	powder	to	become	lumpy.	Therefore,	the	powder	
must	be	stored	in	the	bins	after	mixing	to	settle	before	use.	
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Shot-blasting	cabinet	
The	shot-blasting	cabinet,	as	shown	in	Figure	1.28,	is	where	the	finished	products	are	cleaned	
after	being	removed	from	the	powder	cake	at	the	unpacking	and	processing	station.	
	
	
Figure	1.28	-	The	shot	blasting	cabinet	
The	 shot-blasting	medium	 is	mixed	with	 pressurised	 air	 and	 is	 applied	 at	 adjustable	 high	
pressure	to	the	part	that	is	to	be	cleaned	and	is	operated	by	a	pedal	at	the	bottom	of	the	
cabinet.	The	medium	is	usually	made	out	of	glass	beads	with	a	size	of	70-110μm	[46].	Any	
excess	shot-blasting	medium	and	powder	that	is	blasted	from	the	part	fall	through	the	grid	in	
the	bottom	of	the	cabinet	into	a	sieve	where	the	shot-peening	medium	can	then	be	reused.	
	
From	Section	2.2,	the	technique	of	sintering	can	be	affected	by	five	main	factors	explained	
above.	 Therefore,	 all	 of	 the	build	 parameters	will	 be	 kept	 the	 same	 standard	 settings	 for	
PA2200	(a	Nylon-12	based	polymer	provided	by	EOS).	The	standard	build	parameters	for	this	
machine	and	material	combination	can	be	found	in	Table	1.3	[46,	50].	
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Table	1.3	–	Standard	build	parameters	for	PA2200	in	the	EOS	Formiga	P100	LS	machine	
Parameters	
Layer	thickness	 0.1mm	
Part	bed	temperature	 170°C	
Removal	chamber	temperature	 150°C	
Laser	power	(contour)	 16W	
Scan	speed	(contour)	 1500mm/s	
Laser	power	(hatching)	 21W	
Scan	speed	(hatching)	 2500mm/s	
Scan	spacing	 0.25mm	
Heat	up	time	from	cold	 1°C	per	minute	~	2.5hours	
Cooling	time	after	build	 ~	build	time	
	
	
1.5 Surface	Roughness	
As	mentioned	before,	the	surface	finish	of	AM	parts	can	be	described	as	a	limitation	of	the	
technology,	therefore	this	section	outlines	the	theory	and	literature	to	link	in	with	this.	
	
1.5.1 Theory	
Background	
The	surface	roughness	of	a	part	is	defined	by	the	British	Standards	Institute	(BSI)	as	[51]:	
	
“surface	irregularities	with	relatively	small	spacings,	which	usually	include	irregularities	
resulting	from	the	method	of	manufacture	being	used	and/or	other	influences”.	
	
No	matter	how	much	a	surface	is	post	processed,	a	surface	cannot	be	completely	perfect.	As	
Williams	describes	in	his	work	[52]:	
	
“No	real	engineering	surface,	no	matter	how	carefully	or	indeed	expensively,	prepared	can	
possess	perfect	geometry”.	
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This	is	due	to	the	fact	that	even	though	there	may	be	errors	in	the	form	or	shape	of	a	part,	
the	surface	finish	is	the	characteristics	of	a	surface,	which	has	three	main	components.	The	
high	frequency	or	short	wavelength	components	are	known	as	the	roughness	and	the	larger	
wavelengths	are	referred	to	as	the	surface’s	waviness	[53].	When	combined	together,	these	
create	the	surface	profile	as	shown	in	Figure	1.29.	
	
	
Figure	1.29	-	The	components	of	surface	topography.	Adapted	from	[52]	
	
The	manner	in	which	these	components	integrate	with	a	manufactured	surface	is	as	shown	
in	Figure	1.30.		
	
Figure	1.30	-	Roughness	and	waviness	of	a	surface	shown	in	comparison	to	the	surface	of	a	part	[53]	
	 Introduction	and	Manufacturing	Overview	
	 35	
As	shown	in	both	Figure	1.29	and	Figure	1.30,	the	roughness	and	waviness	combine	to	create	
the	surface	profile.	The	lay	(as	shown	in	Figure	1.30	is	the	direction	of	the	prevailing	texture	
of	 the	surface,	usually	determined	by	 the	method	of	manufacture	being	used	or	by	other	
influences	[51].	
	
To	simplify	the	amount	of	factors	investigated	in	this	project,	the	waviness	of	surfaces	was	
not	analysed	as	the	hand	held	mobile	phone	cases	were	assumed	to	have	flat	surfaces.				
	
Surface	examination	techniques	
Surface	examination	techniques	are	mostly	split	into	either	non-contact	or	contact	methods	
[52].	
	
1. Non-contact	(microscopy)	–	The	non-contact	method	of	examining	surfaces	and	gives	
qualitative	data.	Usually	carried	out	visually	using	beams	of	light.	This	however,	can	
be	magnified	depending	on	what	piece	of	apparatus	is	being	used.				
2. Contact	(profilometry)	–	The	contact	method	is	mostly	conducted	using	a	stylus	that	
is	dragged	across	the	surface	of	the	part	and	gives	quantitative	data.	This	measures	
the	displacements	of	 the	surface	profile	 to	often	give	an	average	of	 the	roughness	
measurement	over	the	sample.	
	
For	this	research,	the	method	of	surface	profilometry	was	used	to	gather	quantitative	data	
over	the	other	option	of	qualitative	microscopy.	This	was	due	to	equipment	availability	and	
time	constraints.	
	
Surface	Profilometry	
Surface	 profilometry	 uses	 a	 diamond	 stylus	 that	 is	 dragged	 across	 the	 surface	 profile.	 It	
measures	the	displacement	of	the	peaks	and	valleys	found	on	a	material’s	surface	as	shown	
in	Figure	1.31.	
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Figure	1.31	-	Diagram	of	the	peaks	and	valleys	found	on	the	topography	of	a	surface	[51]	
Once	the	stylus	has	measured	across	the	sample,	it	calculates	some	roughness	parameters	as	
described	in	Table	1.4.	
Table	1.4	-	Table	showing	the	different	surface	roughness	parameters.	Adapted	from	[52]	
Symbol	 Name	
Ra	 Average	roughness	
Rmax	 Maximum	peak	to	valley	
Rq	 Root	Mean	Squared	roughness	
Rz	 Ten	point	height	average	
	
The	two	most	common	parameters	used	are	Ra	and	Rz,	and	Ra	was	the	main	value	used	when	
measuring	 LS	 samples	 in	 this	 work	 to	 easily	 distinguish	 the	 average	 differences	 between	
surfaces.	
	
Ra	 is	 the	 arithmetical	mean	 deviation	 of	 the	 profile	 [51],	which	 is	 the	 average	 roughness	
measured	during	the	test	and	the	standard	value	used.		This	value	can	be	measured	by	using	
a	height	function,	which	is	adding	all	of	the	peak	and	valley	profiles	and	then	dividing	them	
by	the	overall	sum	of	displacements	as	shown	in	Equation	1.3.	
	
Equation	1.3	–	Overall	sum	of	displacements	
&+ = 1- ! ./0 1.	
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Where	l	is	the	sample	length	and	!(.)	is	the	profile	height	function.	Another	way	of	showing	
how	Ra	is	obtained	is	in	the	illustration	in	Figure	1.32,	with	m	being	the	median	value.	
	
	
Figure	1.32	-	Diagram	illustrating	Ra	[51]	
Rz	 is	 the	 ten-point	height	of	 irregularities	 [51],	which	uses	 the	 five	highest	peaks	and	 five	
lowest	valleys	of	 the	profile	 to	determine	 the	average	 irregular	displacement.	This	can	be	
defined	as	shown	in	Equation	1.4.	
	
Equation	1.4	–	Ten	point	height	of	irregularities	
&5 = !67879: + !;7879:5 	
	
Where	!67 	is	the	height	of	the	ith	highest	peak	profile	and	!;7 	is	the	depth	of	the	ith	deepest	
profile	valley.	A	way	to	illustrate	how	to	obtain	the	highest	and	lowest	values	of	the	peaks	
and	valleys	is	shown	in	Figure	1.33.	
	
	
Figure	1.33	-	Diagram	illustrating	Rz	[51]	
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1.6 Surface	roughness	of	Laser	Sintering	(LS)		
1.6.1 Technology	and	Process	
The	natural	surface	finish	achieved	by	LS	parts	is	often	portrayed	as	an	issue.	There	are	two	
ways	in	which	to	address	this;	through	changing	build	and	material	parameters	or	through	
post-processing.	Some	of	these	methods	are	mentioned	here.	
	
Changing	build	parameters	
Changing	the	build	parameters	gives	more	control	over	the	following	parts	of	the	machine:	
	
• Laser	Power	–	the	diode	current	or	amount	of	energy	emitted	from	the	laser.	
• Laser	Scan	Speed	–	the	rate	at	which	the	laser	passes	over	the	powder	bed	to	scan	
out	the	desired	geometries	for	each	layer.	
• Laser	Fill	Scan	Spacing	–	the	spacing	between	each	laser	diode.	
• Laser	Energy	Density	–	this	compares	the	laser	scan	speed	and	the	laser		as	explained	
in	Equation	1.5	[54,	55]:	
Equation	1.5	–	Laser	energy	density	
=>?@A	BC@AD!	E@C?FG! = HI1	
	
Where	P	is	the	laser	power,	v	is	the	scan	speed	and	d	is	the	laser	fill	scan	spacing.	The	laser	
energy	density	is	the	overall	input	applied	to	the	powder	bed	during	sintering.	
	
From	previous	research,	it	has	been	deduced	that	controlling	these	parameters	in	a	certain	
way	can	help	to	reduce	the	surface	roughness.	When	the	 laser	scan	speed	is	reduced,	the	
extra	time	spent	travelling	over	the	powder	bed	allows	the	particles	to	fully	fuse	and	will	lead	
to	a	smoother	surface	finish	with	much	better	inter-particle	neck	growth	[54,	55].	However,	
speeding	 the	 scan	 speed	 up	will	 not	 give	 enough	 heat	 exposure	 to	 the	 particles	 and	 the	
surface	finish	will	therefore	resemble	the	initial	surface	finish	of	the	powder.	By	increasing	
the	laser	power,	this	will	also	give	a	similar	effect	to	increasing	the	scan	speed,	but	increasing	
it	too	much	can	cause	a	“balling	effect”	to	take	place.	This	is	when	the	molten	material	breaks	
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up	 into	small	spheres	due	to	the	high	surface	tension	differences	generated	as	a	result	of	
changes	in	thermal	properties	within	the	molten	material	[56,	57],	as	seen	in	Figure	1.34.	
	
	
Figure	1.34	-	Examples	of	increasing	balling	effect	from	left	to	right	[56]	
The	strip	to	the	furthest	right	of	Figure	1.34	is	the	most	severe	case	of	balling	with	the	strip	
furthest	to	the	left	having	the	opposite	effect	where	there	is	a	lack	of	melting.	The	two	middle	
strips	are	examples	of	sufficient	sintering	of	the	powder.	Balling	can	be	a	large	problem	when	
looking	at	the	inter-layer	connections	–	it	decreases	the	density	of	the	part	being	made	and	
increases	the	overall	surface	roughness	of	the	finished	part.	It	has	been	proven	that	using	a	
medium	laser	power	and	low	scan	speed	can	increase	the	surface	finish	up	to	around	90%,	
but	higher	laser	fill	scan	spacing	would	create	a	worse	surface	finish	due	to	too	little	energy	
being	input	to	the	material	which	would	not	be	sufficient	to	sinter	the	powder	completely	
[44].	Also,	by	having	a	higher	 laser	energy	density	will	allow	for	 lower	porosity	and	better	
mechanical	properties,	but	may	cause	high	shrinkage	effects	when	the	energy	is	too	high	[54].	
	
Laser	re-melting	(LRM)	
LRM	is	a	method	used	in	laser	sintering,	to	not	only	improve	the	surface	finish	of	a	part,	but	
also	 to	 improve	 the	 product’s	 density	 and	 eliminate	 as	much	 porosity	 in	 the	material	 as	
possible.	LRM	is	when	the	same	layer	of	powder	is	scanned	twice	before	placing	a	fresh	layer	
of	powder	on	top	of	it	[58].	This	process	increases	the	production	time	if	LRM	is	applied	to	
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every	layer;	however,	this	method	can	also	just	be	applied	to	the	surface	once	built	which	
would	not	really	affect	the	overall	production	time.	
	
A	 problem	with	 LRM	 is	 the	 increased	 chance	 of	 creating	 an	 “edge	 effect”	which	 is	when	
elevated	edges	are	created	in	the	finished	product	when	the	molten	material	is	heated	for	an	
extended	amount	of	time	–	this	is	not	desired.	The	edge	effect	largely	occurs	as	the	first	layer	
is	scanned	–	this	is	the	point	when	the	layer	is	surrounded	at	both	sides	and	underneath	by	
powder	particles	with	very	low	thermal	conductivity.	Particles	are	dragged	into	the	molten	
volume	of	the	scan,	which	increases	the	size	of	the	melt	pool	and	affects	the	solidification	
rate,	giving	a	less	than	desired	surface	shape	and	finish	to	the	part.	With	the	addition	of	the	
dragged	in	particles	to	the	melt	pool,	this	leaves	a	lack	of	powder	around	the	part	to	support	
it	or	for	the	next	layer.	
	
It	was	decided	not	to	change	the	build	parameters	from	the	machine	as	the	standard	set-up	
is	to	achieve	the	correct	balance	of	parameters	to	generate	the	best	parts	already.		
	
Changing	material	parameters	
As	the	properties	of	LS	are	directly	dependent	on	machine	parameters	and	initial	material	
properties,	any	change	in	these	creates	a	change	in	the	sintering	process,	material	molecular	
structure	and	mechanical	properties	[54].	Therefore,	it	may	be	a	possible	route	to	go	down	
when	looking	into	creating	a	lower	surface	roughness	of	LS	parts.	This	could	be,	changing	the	
particle	size	or	even	the	particle	shape	to	create	an	easier	powder	bed	to	sinter.		
	
However,	 for	 this	 thesis,	 the	 emphasis	 will	 be	 on	 post-processing	 of	 LS	 parts	 instead	 of	
changing	 build	 or	 material	 parameters.	 This	 encourages	 a	 more	 practical	 outcome	 of	
improving	the	current	post-processing	that	could	be	suggested	to	industry	when	creating	LS	
parts	for	market.	
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Post-processing	
Some	of	the	more	common	post-processing	techniques	are	described	here	[59-61].	
	
Shot-blasting	(or	Bead-blasting)	
This	post-processing	technique	is	the	standard	method	used	on	LS	parts	once	they	have	been	
taken	out	of	the	machine.	More	information	can	be	found	in	Section	2.2.5.	
	
Sanding	
Sanding	is	a	frequently	used	post-processing	technique	for	LS.	Varying	sizes	of	grit	are	used	
to	erode	higher	peaks	of	surface	particles	from	the	natural	surface	of	and	LS	part	to	reduce	
the	overall	roughness.	Sand	paper	comes	in	many	different	grades;	ranging	from	180	grade	
(similar	to	that	of	a	natural	laser	sintered	finish)	to	anything	up	to	25000	grade	(where	it	is	so	
smooth,	that	paint	does	not	easily	stick	to	the	finished	parts).		
	
Tumbling	
Tumbling	is	another	smoothing	method	that	can	be	used	as	a	post-processing	method	of	LS	
parts.	 The	 products	 are	 placed	 in	 a	 barrel	 with	 water	 and	media	 (like	 ceramic	 or	 plastic	
particles)	and	then	the	parts	are	rotated	at	a	predetermined	speed,	for	a	set	amount	of	time,	
anything	up	to	three	hours	[62].		More	work	has	also	been	carried	out	by	Schmid,	Simon	and	
Levy	on	Vibratory	grinding	[63]	which	has	a	similar	principle	and	This	type	of	post-processing	
technique	was	not	used	in	this	project	due	to	machine	availability.	
	
Painting	
Although	this	may	seem	like	a	basic	post-processing	technique,	 this	 is	one	of	 the	simplest	
methods	of	creating	a	smoother	surface	on	an	LS	part.	By	placing	 the	paint	on	 top	of	 the	
surface	that	needs	to	be	altered,	the	paint	fills	in	all	of	the	“valleys”	as	depicted	in	Figure	1.31.	
This	creates	a	surface	with	a	smoother	finish	overall	as	the	troughs	of	the	surface	roughness	
are	 no	 longer	 apparent.	 However,	 this	 method	 was	 not	 taken	 forward	 due	 to	 material	
availability.	
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The	PUSh™	Process	
The	PUSh™	process	is	a	new	and	promising	chemical	post-processing	technique	developed	at	
the	University	of	Sheffield.	It	acts	to	reduce	surface	roughness	and	improve	aesthetic	appeal	
leaving	no	chemical	residue	on	the	part.	It	has	been	shown	that	at	all	build	orientations,	the	
PUSh™	process	significantly	reduces	surface	roughness	and	mildly	increases	part	density	[64].	
Due	to	a	pending	patent,	the	process	is	confidential.	
	
The	surface	finishing	techniques	to	be	taken	forward	for	this	thesis	were	a	mixture	of	standard	
and	new	processes	dependent	on	available	equipment	as	well.	The	processes	chosen	were:	
	
• Shot-blasting	 –	 This	 is	 the	 standard	 post-processing	 procedure	 for	 LS	 and	 should	
definitely	be	included.	
• Sanding	–	This	technique	is	a	common	post-processing	method	for	many	materials,	
not	just	LS.	
• PUSh™	Process	–	This	 is	 a	new	chemical	 treatment	developed	at	 the	University	of	
Sheffield.	 This	 was	 a	 good	 opportunity	 to	 trial	 the	 new	 process	 and	 see	 how	
participants	reacted	to	the	surface	finish.	
	
1.6.2 Consumer	input		
Lagrosen	believed	that	the	more	users	are	involved	in	the	product	development	process,	the	
more	likely	they	will	be	satisfied	with	the	manufactured	products	[65].	It	is	becoming	more	
and	more	apparent	 that	 for	AM	technologies	 to	be	 fully	 integrated	by	 industry	and	other	
sectors,	a	more	central	role	is	needed	for	customers	in	the	process	of	creating	products,	as	
Hoyer	et	al.	explained	in	their	work	[66].	
	
Customer	introduction	to	CAD	
A	 lot	of	 the	 literature	on	consumer	 input	 for	AM	processes	 is	 focussed	on	 the	 interaction	
between	the	consumer	and	CAD	software	to	generate	personalised	designs	that	the	customer	
wants.	This	is	often	in	the	form	of	free,	easy-to-use	software	designed	by	CAD	developers	(for	
example	SketchUp	[67],	3DVIA	Shape	[68]	and	Sculptris	[69]),	which	often	come	with	video	
tutorials.	While	this	software	is	a	good	introduction	to	the	CAD	process,	it	is	very	limited	in	its	
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design	freedom	and	ultimately,	the	consumer	will	still	need	to	contact	a	company	for	a	high-
quality	product.	
	
Consumer	manufacturing	
Another	 method	 to	 engage	 the	 consumer	 to	 produce	 their	 own	 personalised	 product	 is	
through	the	use	of	3D	scanners	with	a	turnaround	time	of	four-six	weeks	with	Pinla3D	[70].	
The	scanning	cameras	capture	3D	data	that	can	be	used	to	print	what	the	consumer	scans	as	
explained	by	Kopf	et	al.	[71].	
	
AM	was	not	easily	accessible	to	the	general	public	until	2007	when	the	first	3D	printer	was	
released	 for	 just	 under	 £1000,	 namely	 both	 the	RepRap	Darwin	 [72]	 and	 the	 Fab@Home	
Model	1	[73].	Now	it	is	possible	to	buy	hand-held	AM	machines	to	print	as	though	using	a	pen	
like	the	3Doodler	[74]	for	just	£99	as	shown	in	Figure	1.35.	
	
 
Figure	1.35	-	Image	of	the	3Doodler	pen	[74]	
	
While	desktop	AM	machines	are	good	at	creating	consumer	input	of	lower-end	products,	the	
more	important	focus	for	this	project	is	how	the	consumer	inputs	with	higher-end	AM.	
	
Consumer	perception	of	AM	parts	
There	is	little	literature	on	the	subject	of	the	perception	of	surface	finish	of	AM	parts,	other	
than	the	surface	finish	is	not	deemed	to	be	up	to	standard	[75].	Ariadi	[76,	77]	carried	out	
work	on	how	to	encourage	consumers	to	design	their	own	products	with	a	small	part	of	the	
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work	dedicated	to	whether	the	participants	preferred	AM	(in	particular	LS)	surface	finishes	to	
injection	moulded	 surface	 finishes	 of	 hand-held	 pens.	 The	 outcome	was	 that	 53%	 of	 the	
participants	would	like	to	use	products	made	by	AM,	but	that	they	wanted	the	surface	finish	
of	the	injection	moulded	process.	This	suggests	that	there	is	a	gap	in	the	literature	to	better	
understand	the	consumers’	perception	of	AM	parts	in	more	depth.	Barnes,	Childs	and	Lillford	
have	 carried	 out	 a	 large	 collection	 of	 work	 [78-82]	 on	 an	 engineering	 principle	 that	
incorporates	 the	 consumer	 in	 the	 product	 decision	 making	 process	 called	 affective	
engineering.	This	is	covered	in	Chapter	2.	
	
Therefore,	this	project	incorporated	the	AM	need	for	surface	improvement	with	the	new	and	
upcoming	methodology	of	affective	engineering.		
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2 Haptic	Perception	
	
	
This	 chapter	 explores	 the	 sense	 of	 touch,	 haptic	 perception	 and	 how	perceptions	 can	 be	
collected	and	quantified.	Delving	into	the	areas	of	skin	tribology,	affective	engineering	and	
methods	of	opinion	assessment	to	produce	a	broad	background	to	better	inform	the	surface	
roughness	experiments	later	on	in	this	thesis.	
	
The	definition	of	haptic	is	“an	information	processing	perceptual	system	that	uses	inputs	from	
receptors	embedded	in	the	skin,	as	well	as	muscles,	tendons	and	joints	to	produce	a	sense	of	
touch”	[8].		This	thesis	will	focus	on	people’s	responses	to	surfaces,	therefore	introducing	how	
people	perceive	things	and	objects	through	touch.	In	this	chapter,	the	sense	of	touch	will	be	
explained	 and	 analysed	 to	 produce	 a	 broad	 background	 knowledge	 to	 better	 inform	 the	
surface	roughness	experiments	later	on	in	this	thesis.	
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2.1 Skin	
2.1.1 Overview	
Skin	 is	 the	 largest	organ	 in	 the	human	body	and	acts	as	a	sensory	port	of	external	stimuli	
having	 several	kinds	of	 sensors	 [83].	 It	 is	a	multi-layer	organ	comprised	of	many	different	
types	of	 skin	and	sensitivity.	Many	different	 researchers	have	 investigated	 this	 -	 the	most	
prominent	being	early	findings	from	Penfield	and	Boldrey	[84].	The	most	sensitive	parts	of	
the	human	body	were	found	to	be	glabrous	(hairless)	skin	found	mainly	on	the	hands	and	
face.	This	is	shown	in	the	homunculus	map	in	Figure	2.1.	
	
	
Figure	2.1	-	The	motor	and	sensory	homunculus	map	[85]	
A	 homunculus	 is	 a	 visualisation	 technique	 that	 illustrates	 a	 distorted	 scale	 model	 of	 the	
human	body	to	show	the	connection	between	different	body	parts	and	areas	 in	 the	brain	
hemispheres.	Figure	2.1	is	a	prime	example	of	this.	The	body	on	the	left	side	of	the	illustration	
is	the	motor	homunculus.	The	larger	the	body	parts	in	this	half	show	how	much	brainpower	
there	is	dedicated	to	controlling	them.	The	right	hand	side	of	this	illustration	is	very	similar	to	
the	left,	but	it	depicts	how	much	brainpower	is	dedicated	for	sensing	the	different	body	parts,	
or	how	many	nerve	endings	there	are.	This	is	known	as	the	sensory	homunculus.	This	side	of	
the	picture	was	then	developed	into	a	scale	model	by	Breedlove	et	al;	as	shown	in	Figure	2.2.	
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Figure	2.2	-	The	homunculus	man	[64][86]	
	
Figure	 2.2	 pictures	 a	 homunculus	model	 of	 a	man	with	 greatly	 enlarged	 hands	 and	 facial	
features,	piecing	together	the	information	developed	by	Penfield	and	Boldrey	[84]	to	create	
the	distorted	figure	above.	This	shows	that	the	larger	body	parts	have	more	nerve	endings	
and	therefore	a	greater	sensitivity	when	they	are	used	for	exploring	objects.	
	
Fingers	will	be	the	main	exploratory	tools	for	the	testing	in	this	project	due	to	their	increased	
nerve	endings	and	sensory	advantages.	Hand	held	objects	will	be	the	focus	of	the	applications.	
	
2.1.2 Biology		
The	human	skin	is	an	incredibly	complex,	layered	organ	and	is	mainly	made	up	of	two	distinct	
layers:	the	epidermis	and	the	dermis	with	the	subcutaneous	tissue	lying	underneath	as	shown	
in	Figure	2.3.		
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Figure	2.3	-	Diagram	of	the	human	skin	[87]	
When	exploring	an	object	for	the	first	time	the	human	body	experiences	sensory	information	
detected	through	the	skin,	which	is	often	aided	by	vision.	Glabrous	(hairless)	skin	has	four	
different	 types	of	mechanoreceptors	 that	 can	detect	 certain	 features	 to	help	 identify	and	
perceive	common	traits	for	identification.	The	four	sensory	mechanoreceptors	are	also	shown	
in	Figure	2.3	and	are	namely:	Merkel	Discs,	Meissner	Corpuscles,	Ruffini	Endings	and	Pacinian	
Corpuscles.	These	can	be	found	in	Table	2.1	[88].	
Table	2.1	–	The	four	sensory	mechanoreceptors	
Mechanoreceptor	 Feature	Sensitivity	 Primary	Functions	
Merkel	Disc		
(SAI)	
Slow	adapting	
Small	
	
Sustained	pressure.	
Maximally	sensitive	to	
very	low	frequencies.	
Spatial	deformation.	
Very	low	frequency	detection.	
Coarse	texture	perception.	
Pattern/form	detection.	
Stable	precision	grasp	and	manipulation.	
Meissner		
Corpuscle		
(FAI)	
Fast	adapting	
Small	
Temporal	changes	in	
skin	deformation.	
Spatial	deformation.	
Low-frequency	vibration	detection.	
Stable	precision	grasp	and	manipulation.	
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Ruffini	Ending	
(SAII)	
Slow	adapting	
Large	
Temporal	changes	in	
skin	deformation.		
High	frequency	vibration	detection.	
Fine	texture	perception.	
Stable	precision	grasp	and	manipulation.	
Pacinian		
Corpuscle		
(FAII)	
Fast	adapting	
Large	
Sustained	downward	
pressure.	
Lateral	skin	stretch.	
Low	dynamic	sensitivity.	
Direction	of	object	motion	and	force	due	
to	skin	stretch.	
Stable	precision	grasp	and	manipulation.	
Finger	position.	
	
Merkel	 Discs	 are	 placed	 near	 the	 skin’s	 surface	 and	 are	mainly	 responsible	 for	 detecting	
surface	 texture,	 they	 are	 also	 activated	by	 static	 contact.	Meissner	 Corpuscles	 are	 placed	
close	to	the	surface	of	the	skin	and	are	mainly	responsible	for	detecting	the	sensations	of	
stroking	and	are	activated	by	dynamic	contact.	Ruffini	Endings	lie	deeper	in	the	skin	and	are	
responsible	for	the	interpretation	of	shape.	Pacinian	Corpuscles	are	placed	lower	in	the	skin	
and	are	responsible	for	the	interpretation	of	vibration.	All	of	these	sensory	mechanoreceptors	
work	together	with	the	help	of	vision	to	interpret	new	surfaces	and	compare	them	with	other	
surfaces	that	have	been	experienced	before.		
	
Katz	[89]	observed	that	roughness	is	only	perceived	accurately	when	the	finger	is	in	motion	
and	 in	 contact	 with	 a	 textured	 surface.	 Johnson	 et	 al	 [90]	 have	 proved	 this	 in	 that	 the	
perception	 of	 roughness	 depends	 on	 the	 activity	 of	 one	 of	 the	 rapidly	 adapting	
mechanoreceptors,	in	which	otherwise	they	would	be	redundant.	
	
This	 suggests	 that	when	 planning	 tests,	 the	 participants’	 fingers	 should	 be	 active	 in	 their	
movements	to	perceive	roughness.	
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2.2 Haptic	exploration	
2.2.1 Movements	
When	exploring	an	object	for	the	first	time	there	are	two	different	types	of	movements	that	
can	be	observed:	prehensile	and	non-prehensile	movements.	Prehensile	movement	is	when	
the	 object	 is	 held	 in	 the	 centre	 of	 the	 hand	 and	 non-prehensile	 movement	 is	 where	 no	
grasping	happens	at	all	–	the	movement	is	mostly	pushing	or	lifting	the	object	as	a	whole	[91].	
When	using	prehensile	movements,	 there	are	two	types	of	grip	 that	are	usually	used:	 the	
power	grip	and	the	precision	grip.	The	power	grip	is	a	clamp-like	positioning	formed	by	the	
fingers	and	palm	of	the	hand,	giving	the	holder	a	strong,	stable	positioning	around	the	object.	
An	example	of	the	power	grip	can	be	seen	in	Figure	2.4.	
	
 
Figure	2.4	-	Different	examples	of	a	power	grip	[91]	
A	precision	grip	 is	when	 the	object	 is	held	 in	place	by	 the	ends	of	 the	 fingers	and	 thumb	
without	the	need	for	the	palm	to	stabilise	the	positioning,	an	example	of	the	precision	grip	
can	be	seen	in	Figure	2.5.	
	
 
Figure	2.5	-	Different	examples	of	a	precision	grip	[91]	
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When	 choosing	 which	 type	 of	 grip	 to	 use	 for	 a	 new	 object,	 there	 are	 usually	 two	 main	
influencing	factors:	
	
1. The	size	of	the	object	–	the	extremity	of	object	sizes,	both	large	and	small	are	usually	
handled	using	the	precision	grip.	
2. Influence	of	the	intended	activity	–	the	precision	and	power	grips	are	named	due	to	
their	intended	activity.	If	the	subject	wishes	to	be	careful	and	precise	with	the	object	
	
There	are	also	further	significant	miscellaneous	factors	that	also	strongly	influence	the	grip	
choice,	yet	are	difficult	to	define	as	a	single	factor.	These	could	be	many	different	physical	
factors	 such	 as	weight,	 texture,	 temperature,	wetness	 or	 dryness	 of	 an	 object	 that	 could	
affect	which	grip	is	chosen	and	used	to	hold	the	item.	Other	more	emotional	factors	such	as	
fear	and	hunger	can	also	influence	this.	
	
These	grips	can	be	used	in	conjunction	with	each	other	–	for	example	when	opening	a	plastic	
bottle	of	water.	The	power	grip	 is	used	 to	establish	a	strong	hold	of	 the	bottle	whilst	 the	
precision	grip	is	used	to	twist	open	the	bottle	lid.	
	
For	hand	held	objects,	especially	phone	cases,	the	type	of	grip	used	is	a	mixture	of	both	the	
power	and	precision	grips	depending	on	the	particular	movement	and	usage.	For	example,	a	
precision	grip	would	be	used	to	pick	up	the	object,	yet	a	power	grip	would	be	used	during	a	
phone	call.	The	main	experimentation	of	this	project,	did	not	incorporate	differing	grips,	but	
for	further	work	or	case	studies,	this	would	be	imperative	to	include.	
	
2.2.2 Exploratory	Procedures	(EPs)	
Extensive	research	has	been	completed	in	the	subject	of	haptic	perception	by	Lederman	and	
Klatzky	[8-10,	92-97],	especially	with	their	work	investigating	Exploratory	Procedures	(EPs).	
When	a	new	object	is	explored	for	the	first	time,	it	has	been	shown	that	there	are	particular	
reoccurring	subconscious	motions	that	hands	use	to	 identify	different	characteristics	of	an	
object.	These	EPs	can	be	seen	in	Figure	2.6.	
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Figure	2.6	-	Diagram	showing	the	different	exploratory	procedures	[10]	
The	EPs	were	 largely	noted	when	the	participants	were	asked	to	comment	on	a	particular	
characteristic.	For	example,	the	lateral	movement	was	mostly	observed	when	the	subjects	
were	asked	to	comment	on	the	texture	of	an	object.	Below	is	a	list	of	the	different	EPs	and	
which	procedures	they	determine.	
	
• Lateral	Motion	–	uses	sideways	motion	between	skin	and	the	other	surface.	Typically,	
the	fingers	rub	back	and	forth	across	a	small	surface	area.	Is	used	to	determine	the	
texture	of	an	object.	
• Pressure	–	produced	by	applying	torque	or	normal	forces	to	one	part	of	the	object,	
while	another	part	of	the	object	is	stabilised	or	an	opposing	force	is	applied.	This	can	
be	seen	by	obvious	movement	as	in	poking,	or	by	signs	of	force	evident	in	the	fingers	
and	hand.	This	is	used	to	determine	the	hardness	of	an	object.	
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• Static	Contact	–	the	object	is	supported	externally,	by	an	external	surface	or	the	other	
hand,	while	 one	 hand	 passively	 rests	 on	 it	without	moulding.	 This	 can	 be	 used	 to	
determine	the	surface	roughness	of	an	object,	but	is	not	as	accurate	as	lateral	motion.	
It	is	mainly	used	to	determine	the	temperature	of	an	object.	
• Unsupported	Holding	 –	 the	 object	 is	 lifted	 away	 from	any	 supporting	 surface	 and	
maintained	in	the	hand	without	any	effort	to	mould	the	hand	to	the	object.	Typically,	
there	is	a	hefting	of	the	arm	or	wrist.	This	is	used	to	determine	the	weight	of	an	object.	
• Enclosure	–	the	hand	maintains	simultaneous	contact	with	as	much	of	the	envelope	
of	the	object	as	possible.	Often	one	can	see	an	effort	to	mould	the	hand	more	precisely	
to	object	contours.	Periods	of	static	enclosure	may	alternate	with	shifts	of	the	object	
in	the	hand(s).	This	is	used	to	determine	the	shape	or	volume	of	an	object.	
• Contour	 Following	 –	 the	hand	maintains	 a	 dynamic	 contact	with	 a	 contour	 of	 the	
object.	 The	 movement	 is	 smooth	 and	 non-repetitive	 within	 a	 segment	 of	 object	
contour,	stopping	or	shifting	direction	when	a	contour	segment	ends	and	it	does	not	
occur	on	a	homogeneous	surface.	This	is	used	to	determine	a	detailed	shape	outline	
of	an	object.	
 
As	mentioned	earlier,	 the	 texture	of	an	object	 is	more	accurately	observed	when	 there	 is	
movement	 present	 in	 the	 examination	 between	 skin	 and	 the	 surface	 of	 the	 test	 piece.	
Therefore,	 there	 should	 be	 a	 greater	 chance	 of	 gathering	 correct	 and	 precise	 perceived	
roughness	when	the	subjects	use	movement	in	their	examinations	of	each	surface.		
	
2.2.3 Finger	choice	
As	to	the	correct	number	of	fingers	used	in	the	examination	or	which	digits	to	use,	there	are	
conflicting	results	in	the	research	studied	[78,	98,	99].	The	ring	finger	is	naturally	motorically	
awkward	 [78].	 This	means	 that	 its	 use	 could	weaken	 any	 recognition	 of	 shape,	 therefore	
giving	a	truer	perception	of	roughness.	Although	for	the	purposes	of	this	thesis,	it	is	important	
to	identify	the	perception	of	texture	without	other	factors	aiding	the	final	outcome,	whilst	
maintaining	as	close	to	real-life	situations	as	possible.	
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2.2.4 Vision	
Vision	is	another	factor	to	consider	when	designing	experiments	for	haptic	exploration.	There	
has	been	a	lot	of	research	into	the	human	perception	of	surfaces	focussing	on	the	use	of	sight.	
Many	researchers	have	worked	with	[100,	101]	and	without	[102,	103]	the	use	of	sight	in	their	
work,	yet	Lederman	et	al.	found	that	in	the	perception	of	roughness;	touch	dominated	vision	
[104].	Katz	also	beautifully	stated	“the	tactual	properties	of	our	surroundings	do	not	chatter	
at	us	like	their	colours;	they	remain	mute	until	we	make	them	speak.”	[89],	which	suggests	
that	the	sense	of	touch	adds	so	much	more	to	the	understanding	of	a	product.	Sight	can	also	
encourage	preconceptions	of	different	new	materials	and	it	is	important	that	it	is	used	for	the	
correct	reasons.	
	
In	this	thesis	the	main	focus	is	on	touch,	but	sight	will	be	investigated	slightly	in	individual	
interviews.	
	
2.3 Affective	Engineering	
Affective	engineering	is	a	study	that	measures	consumers’	emotional	responses	to	products,	
identifying	the	properties	of	the	products	to	which	they	are	responding,	and	then	using	the	
information	 to	 design	better	 products	 [105].	 It	 is	 uses	 adapted	quantitative	methods	 and	
techniques	to	gather	qualitative	data	for	analysis.	Therefore,	this	technique	is	very	useful	to	
understand	the	perceived	quality	of	any	product.	
	
“Emotions	are	inseparable	from	and	a	necessary	part	of	cognition.	Everything	we	do,	
everything	we	think	is	tinged	with	emotion,	much	of	it	subconscious.	In	turn,	our	emotions	
change	the	way	we	think	and	serve	as	constant	guides	to	appropriate	behaviour,	steering	us	
away	from	the	bad,	guiding	us	toward	the	good.”	[106].	
	
As	explained	by	Norman	[106],	emotion	is	apparent	in	everyday	thinking	and	decision	making.	
He	argues	that	the	emotional	side	of	design	may	be	more	critical	to	a	product’s	success	than	
its	practical	elements.	These	emotions	help	to	form	a	person’s	perceptions	of	a	product	and	
ultimately	whether	they	would	purchase	it	or	not.	It	is	these	perceptions	that	are	the	driving	
interest	for	this	project,	specifically	looking	into	quality	and	surface	finishing.	
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2.3.1 Kansei	beginnings	
Affective	 engineering	 uses	 the	 Kansei	 approach	 to	 engineering,	 which	 was	 developed	 by	
Professor	Nagamachi	at	the	University	of	Hiroshima	in	Japan	in	the	1970s	[107].	The	word	
Kansei	is	a	Japanese	word	not	easily	translated	into	the	English	language	as	it	explores	the	
psychology	of	a	person’s	feelings,	it	can	be	loosely	translated	as	emotionality,	sensuality	or	
sensitivity/sensibility	[108].	According	to	Nagamachi,	Kansei	Engineering	is	defined	as:	
	
“translating	technology	of	a	consumer’s	feeling	and	image	for	a	product	into	design	
elements.”	[107].	
	
Schutte	and	Eklund	developed	a	process	to	evaluate	a	product’s	emotional	quality	by	Kansei	
engineering	using	these	steps	[43]:	
	
1. Identify	words	and	phrases	describing	the	emotional	bond	between	the	users	and	the	
product	in	question	
2. Identify	important	product	elements	and	a	selection	of	the	products	concept	that	best	
represents	those	elements	
3. Collect	the	users’	impression	of	the	chosen	product	concept	with	regards	to	the	words	
identified	in	step	1	
4. Analyse	the	collected	data	comparing	the	strength	of	the	users’	emotional	responses	
for	each	of	the	concepts	and	words	used	
5. Define	the	new	product	development	strategy	from	the	results	
	
These	steps	were	used	to	build	the	affective	engineering	process.	
	
2.3.2 Affective	engineering	process	
Affective	 engineering	 is	 the	 technique	 followed	 in	 this	 thesis	 that	 captures	 the	 personal	
elements	of	Kansei	engineering	to	achieve	a	design	process	that	is	tailored	to	the	consumer.	
It	is	a	qualitative	research	method	that	incorporates	quantitative	data	collection	to	verify	its	
methods	 using	 opinion	 assessments.	 It	 follows	 a	 very	 similar	 step	 process;	 gathering	
adjectives	to	help	describe	the	product	qualities.	
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2.4 Methods	of	opinion	assessment	
There	 are	 many	 different	 types	 of	 opinion	 assessment	 that	 can	 be	 used	 in	 affective	
engineering,	a	few	of	which	are	mentioned	below.	
	
2.4.1 Individual	Interviews	
Individual	 interviews	can	be	structured	or	unstructured	depending	on	what	the	qualitative	
outcome	objective	is.	Unstructured	interviews	allow	the	interviewee	to	go	off	topic	and	often	
leads	to	other	areas	of	interest	being	highlighted	[109].	It	is	important	that	there	is	a	plan	in	
place	regardless	of	the	style	of	interview.	The	planning	of	any	of	these	opinion	assessment	
methods	can	follow	the	methodology	set	out	in	Section	3.4.3.	
	
2.4.2 Group	Interviews	
Group	interviews	are	similar	to	individual	interviews,	but	involve	more	than	one	participant	
at	a	time	[109].	These	can	be	deliberate	or	accidental,	if	a	participant	attends	a	session	with	
a	 family	member	 or	 friend.	When	 other	 participants	 are	 involved,	 this	 can	 often	 lead	 to	
increased	opinions	as	their	ideas	develop	and	build	together.	
	
2.4.3 Focus	groups	
A	focus	group	is	a	special	case	of	group	interviewing.	It	is	a	small	group	discussion	guided	by	
a	trained	leader	or	facilitator	[110].	It	is	used	to	learn	about	opinions	on	a	specific	topic	and	
to	control	future	action.	The	main	difference	between	a	focus	group	and	group	interview	is	
that	a	focus	group	is	more	structured.	
	
Krueger	and	Casey	have	carried	out	extensive	research	on	developing	and	planning	successful	
focus	groups	[111-113].	They	state	that	a	good	focus	group	has	the	following	characteristics	
[112]:	
• Carefully	recruited	participants	
• Interacting	in	a	comfortable	environment	
• Led	by	a	skillful	moderator	
• Followed	by	systematic	analysis	and	reporting	
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Before	the	planning	for	 the	focus	group	can	begin,	 it	 is	 imperative	that	the	focus	group	 is	
carried	out	for	the	right	reasons.	Krueger	and	Casey	[111]	produced	a	set	of	questions	that	
aid	the	initial	stages	of	the	planning	process:	
	
• Why	should	this	study	be	conducted?	
• What	kind	of	information	will	be	produced?	
• What	types	of	information	are	particularly	important?	
• How	will	all	this	information	be	used?	
	
These	would	not	only	help	with	the	decision	of	whether	to	carry	out	a	focus	group,	but	also	
would	help	to	propose	the	initial	structure	for	the	focus	group.	
	
As	suggested	by	Krueger	and	Casey	[111],	the	methodology	for	creating	a	focus	group	plan	
was	split	into	five	main	sections:	planning,	participants,	location,	resource	management,	and	
post	 focus	 group	 work	 –	 with	 planning	 being	 the	 most	 important.	 However,	 Freeman	
discusses	that	each	focus	group	is	different,	should	be	tackled	independently	and	that	there	
is	no	“definitive”	set	of	rules	when	conducting	one	[114].	This	suggests	that	while	there	are	
many	different	guidelines	available	to	help	with	planning	a	focus	group,	they	should	not	be	
followed	blindly.	
	
Planning	
Planning	a	focus	group	is	the	most	important	part	of	the	methodology	as	this	includes	the	
planning	and	development	of	the	questions	to	be	used	in	coordination	with	the	aims	of	the	
focus	group	to	achieve	a	successful	outcome.	As	Krueger	and	Casey	stated,	“Quality	answers	
are	 directly	 related	 to	 quality	 questions.”	 [111].	Meaning,	 if	 time	 and	 effort	 are	 put	 into	
creating	the	questions	for	the	focus	group,	that	the	 information	will	be	of	a	better	quality	
because	of	it.	These	questions	are	usually	split	into	five	categories	[111]:	
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1. Opening	–	ice	breaker	
2. Introductory	–	general	topic	and	fosters	conversation	
3. Transition	–	helps	to	paint	bigger	picture	
4. Key	–	important	topics	
5. Ending	–	summary		
	
By	splitting	the	questions	into	these	categories,	this	allows	the	facilitator	to	easily	guide	the	
conversation	in	the	direction	needed	to	collect	the	right	information	and	not	to	waste	time.	
It	 also	 creates	 a	 focused	 and	 logical	 sequence	 for	 the	 participants	 to	 help	 them	 to	 fully	
develop	their	ideas	and	for	the	facilitator	to	see	the	participants’	understanding	and	thought	
processes.	
	
Moderator	
Having	a	skilful	moderator	can	be	incredibly	useful	to	a	successful	focus	group.	Krueger	and	
Casey	suggest	that	the	moderator	should	establish	an	open	environment	for	the	participants	
to	 feel	 comfortable	 in	 [112].	They	also	state	one	of	 the	most	 influential	 factors	of	a	good	
quality	focus	group,	is	that	the	moderator	must	show	respect	the	participants	[111].	Not	only	
must	they	fully	understand	the	purpose	of	the	study,	but	should	also	show	empathy	and	belief	
that	the	participants’	answers	are	valued.	This	creates	the	open	environment	that	is	desired	
for	the	participants	to	feel	comfortable	sharing	their	opinions.	
	
Participants	
The	 literature	 is	divided	as	to	whether	participants	should	know	each	other	or	not.	This	 is	
because	some	authors,	 such	as	Single	and	Powell	 imply	 that	participants	 tend	to	be	more	
honest	in	front	of	strangers	[115].	Others,	such	as	Kitzinger,	suggest	that	knowing	the	other	
people	in	the	room	encourages	more	free-flowing	conversation	and	these	groups	show	how	
people	might	naturally	discuss	topics	[116].	
	
There	is	no	ideal	number	of	participants	and	the	range	can	be	anything	from	4	participants	
[117],	to	25	participants	[118].	Most	focus	group	guidelines	encourage	the	group	size	to	be	
between	6-10	people,	however	any	set	more	than	12	people	has	the	tendency	for	the	group	
to	fragment	into	individual	conversations	[111].	There	needs	to	be	a	good	balance	between	
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giving	the	group	enough	opportunity	to	share	insights,	and	to	have	a	diverse	enough	group	in	
numbers.	
	
Location	
The	 location	 of	 the	 focus	 group	 is	 also	 an	 important	 part	 of	 the	 methodology	 as	 the	
environment	created	by	the	location	can	be	the	difference	between	the	participants	openly	
contributing	and	the	participants	feeling	interrogated.	The	location	should	create	a	relaxed	
and	open	environment	that	invites	the	focus	group	members	to	participate	in	the	discussion.	
The	room	should	also	be	free	from	distractions	and	quiet	enough	to	record	[111].	
	
Krueger	and	Casey	[111]	suggested	a	checklist	for	setting	up	the	room	in	advance:	
• The	room	should	have	chairs	facing	each	other.	
• Tables	 enable	 participants	 to	 lean	 forwards	 and	 be	 less	 self-conscious	 about	 their	
bodies.	If	there	are	tables	available,	use	them	to	create	a	central	place	to	sit.	
• Eye	contact	is	vital	for	the	participants	to	engage.	
• Chairs	must	be	evenly	spaced.	
	
Therefore	 an	 ideal	 set	 up	of	 a	 focus	 group	developed	 from	 the	 checklist	 above	would	be	
similar	to	that	found	in	Figure	2.7.		
	
Figure	2.7	-	Ideal	seating	plan	for	equal	participant	contribution	in	a	focus	group.	
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Resource	management	
Once	the	questions	and	location	are	decided	upon,	the	technicalities	of	the	focus	group	need	
to	be	addressed.	If	the	focus	group	is	to	be	recorded,	it	is	vital	that	the	recording	equipment	
is	of	a	good	enough	standard	to	document	the	conversation	clearly	for	transcription.	In	this	
case,	two	separate	devices	should	be	used	in	case	of	one	failing.	
	
Food	 and	 refreshments	 have	 been	 proven	 to	 improve	 participants’	 moods	 and	 counter	
against	unconscious	bias	due	to	the	increased	serotonin	levels	experienced	in	the	brain	[119].	
Eating	together	also	“tends	to	promote	conversation	and	communication	within	the	group”	
[111].	Therefore,	by	providing	this,	participants	should	be	more	open	to	new	ideas	and	be	
less	prejudiced	towards	the	questions	asked	during	focus	groups.	
	
Analysis	and	results	
Once	the	focus	groups	are	complete,	the	data	can	be	captured	in	different	forms	as	explained	
by	Krueger	and	Casey	[111].	Below	are	summaries	of	each	of	the	different	methods.	
	
• Transcript	based	–	this	is	where	complete	transcripts	are	typed	for	analysis,	usually	
from	a	recording	of	the	discussion	taken	at	the	time	of	the	focus	group.	This	captures	
every	detail	of	the	conversation,	but	can	be	very	time	consuming.	
• Abridged	based	–	this	is	similar	to	transcripts,	yet	less	time	consuming.	This	method	
relies	on	listening	to	an	audio	recording	of	the	focus	group	and	picking	out	which	parts	
are	the	most	relevant	and	useful	to	be	transcribed.	
• Note	based	–	unlike	the	previous	techniques,	this	relies	mostly	on	notes	taken	during	
the	focus	groups	and	audio	recordings	are	used	as	back	up.	Notes	based	analysis	tends	
to	be	for	focus	group	aims	that	do	not	require	as	much	details,	such	as	pilot-testing.	
• Memory	based	–	this	requires	a	lot	of	skill	from	the	facilitator	and	is	mostly	used	when	
a	focus	group	is	conducted	in	a	room	with	one-way	mirrors	for	the	facilitator	to	have	
external	observers.	
	
The	 analysis	 for	 this	 project	 requires	 detailed	 results	 from	 the	 focus	 groups,	 therefore	 a	
transcript	based	method	will	be	used	to	analyse	the	conversations.	
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2.4.4 Forced	choice	tests	
Whereas	focus	groups	collect	qualitative	data,	quantitative	data	is	also	needed.	One	method	
to	gather	quantitative	data	for	affective	engineering	is	by	using	a	forced	choice	technique.	
The	most	common	type	of	forced	choice	test	is	the	Two	Alternative	Forced	Choice	(2AFC)	test.	
The	2AFC	test	is	a	historical	test	that	simplifies	naturally	occurring	situations	tracing	back	to	
a	model	from	nature,	where	animals	either	avoid	or	approach	a	new	object	or	situation	[120].	
Translating	this	to	an	experimental	situation,	a	participant	is	given	two	products	for	example	
and	asked	to	choose	which	has	the	highest	“strength”	between	the	two	[121],	where	strength	
is	deemed	as	the	focus	of	the	test.	For	example,	quality,	roughness,	hardness,	etc.	The	2AFC	
test	 has	 been	 widely	 studied	 and	 used	 in	 psychological	 tests,	 which	 is	 a	 “common	
performance	validity	assessment	methodology”	in	this	field	[122].	
	
Bogacz	et	al.	state	that	there	are	three	fundamental	assumptions	made	during	the	2AFC	test	
[120]	as	shown	below,	which	should	be	taken	into	consideration	when	conducting	tests	using	
this	technique.	
	
1. Evidence	favouring	each	alternative	is	integrated	over	time	
2. The	process	is	subject	to	random	fluctuations	
3. The	 decision	 is	 made	 when	 sufficient	 evidence	 has	 accumulated	 favouring	 one	
alternative	over	the	other	
	
When	planning	the	2AFC	tests,	it	is	important	to	be	prepared	beforehand.	The	order	in	which	
the	pairings	are	to	be	shown	to	the	participant	can	be	a	particular	downfall.	It	is	important	
that	the	facilitator	is	organised	so	that	the	participant	concentrates	solely	on	the	task	at	hand,	
rather	than	what	the	facilitator	should	be	doing.	The	testing	process	for	the	2AFC	method	
would	be	useful	to	assess	the	participants’	reliability	and	to	generate	a	snapshot	of	their	first	
impressions	of	AM	in	the	main	experiments.		
	
2.4.5 Semantic	differentials	
Osgood	et	al.	describe	 semantic	differentials	as	 “a	combination	of	association	and	 scaling	
procedures	 designed	 to	 give	 an	 object	measure	 of	 the	 connotative	meaning	 of	 concepts”	
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[123].	 Semantic	differential	 tests	are	used	 in	psychological	analysis,	but	also	commonly	 in	
affective	engineering	with	the	use	of	adjective	analysis	such	as	in	the	work	of	Barnes,	Childs	
and	Lillford	[78-82].	This	where	the	participant	would	test	each	of	the	products	separately,	
hidden	behind	a	screen,	then	rate	it	against	opposite	adjectives	on	scales	as	determined	from	
a	 focus	 group.	 This	 has	 been	prominent	 in	 product	 packaging	 tests	 of	moisturiser	 bottles	
[124].	 In	particular,	 this	 study	 looked	 into	 the	quality	of	 luxury	product	packaging.	 This	 is	
where	semantic	differential	tests	were	actively	used	in	affective	engineering	to	translate	the	
consumers’	feelings	for	a	product	into	design	elements.	
	
The	semantic	differential	method	is	a	technique	that	collects	large	lists	of	words	to	describe	
a	product	from	as	many	sources	as	possible,	for	example	from	shops	that	sell	the	product	
through	to	magazines	that	advertise	it	and	focus	groups.	These	are	then	refined	to	a	small	
group	of	adjectives	that	are	used	in	surveys	for	experiments	of	different	objects,	usually	on	a	
scale	between	two	opposites.	By	using	scales	of	an	odd	number,	this	allows	the	participants	
to	 rate	 objects	 neutrally	 [78].	 The	 opposites	 help	 to	 form	 a	 clear	 picture	 of	 the	 subject’s	
perceived	scaling	of	texture	with	regards	to	different	parameters.	
	
This	usually	leads	to	a	six-step	methodology	system	[124]:	
1. Identify	product	context	
2. Adjective	generation	and	reduction	
3. Create	test	stimuli	
4. Perform	semantic	differential	experiments	
5. Analyse	and	interpret	results	
6. New	product	evaluation	
	
The	main	aim	of	the	semantic	differential	test	is	always	to	find	ways	to	improve	a	product,	
which	 is	 similar	 to	 that	of	Kansei	engineering.	Figure	2.8	shows	an	example	of	a	semantic	
differential	scale.	
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Figure	2.8	-	Example	of	a	sematic	differential	scale	
This	allows	the	participant	 to	use	a	scale	 to	define	the	strength	of	which	they	answer	the	
question.	
	
Adjective	generation	for	scales	
Adjectives	 for	 semantic	 scales	 can	 be	 collected	 from	 a	 variety	 of	 sources,	 one	 lucrative	
method	 is	using	focus	groups.	Once	the	audio	recordings	have	been	transcribed,	adjective	
collection	can	begin.	Lillford	and	Barnes	have	been	at	the	forefront	of	developing	linguistic	
support	to	aid	the	adjective	selection	for	the	semantic	differential	scales	[79,	81,	82].	They	
developed	guidelines	for	researchers	to	which	have	been	adapted	for	this	thesis	below:	
	
1. Only	adjectives	are	allowed	
2. Remove	adjectives	that	are	not	plausibly	related	to	objects	
3. Remove	adjectives	that	describe	purely	evaluative	reactions	
4. Remove	ambiguous	adjectives	
5. Remove	adjectives	that	describe	feelings	
6. Remove	adjectives	 relating	 to	prolonged	experience	with	 the	sample	rather	 than	a	
brief	experimental	encounter	
7. Remove	adjectives	requiring	additional	context	to	be	understood	
8. Remove	comparative	adjectives	
9. Remove	any	adjectives	that	are	not	purely	to	do	with	touch.	
	
Many	researchers	have	explored	the	possibilities	of	specific	adjective	scales.	Chen	et	al.	[105]	
investigated	different	dimensions	used	especially	in	touch	perception	and	determined	that	it	
consisted	of	three	main	opposites:	
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1. Roughness-smoothness	
2. Hardness-softness	
3. Sticky-slippery	
	
Therefore,	they	used	these	opposites	plus	a	few	others	to	fully	investigate	tactile	textures	in	
their	methodology	as	shown	in	Figure	2.9.	The	other	opposites	help	to	understand	not	only	
the	roughness	of	a	material,	but	the	quality	as	well.	
	
	
Figure	2.9	-	Methodology	of	the	sematic	differentials	technique	[105]	
	
This	methodology	 allows	 for	 the	 separate	 investigations	 of	 both	 the	 self-reports	 and	 the	
physical	measurements	to	be	used	together	when	analysing	the	data	to	predict	an	accurate	
picture	of	the	subject’s	object	perception.	Once	the	results	are	collected,	they	can	then	be	
analysed	for	correlations	between	adjective	scales	to	find	improvements	to	be	made	to	the	
products.	
	
The	 adjective	pairs	 in	 Figure	 2.9	will	 be	 taken	 into	 consideration	 for	 the	 adjective	pairing	
generation	in	later	experiments.	
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2.4.6 Summary	
There	are	a	variety	of	ways	in	which	reactions	can	be	tested	to	products,	some	of	which	will	
be	used	later	in	this	thesis,	for	example,	focus	groups,	2AFC	tests	and	semantic	differential	
tests.	These	were	the	main	successful	opinion	assessments	chosen	to	help	analyse	qualitative	
data	 in	 the	 recent	 literature	 of	 affective	 engineering	 [79-82,	 124].	 These	will	 combine	 to	
create	a	testing	process	to	investigate,	gather	and	analyse	the	perceptions	of	quality.	
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3 Research	Aim	
	
3.1 Problem	definition	
As	established	in	the	introduction,	there	are	many	proven	benefits	to	AM,	including	increased	
design	freedom,	personalisation	and	optimisation	[3].	However,	the	surface	finish	of	AM	parts	
is	still	thought	to	be	a	problem	area	[125]	and	there	is	currently	limited	input	from	consumers	
in	 its	 research	 advances.	 This	 project	 utilises	 techniques	 for	 human	 factors	 research,	 to	
provide	a	novel	understanding	of	the	way	in	which	surface	finish	affects	users’	perceptions	of	
the	quality	of	a	LS	part.	
	
3.1.1 Specific	Objectives		
1. Identify	range	of	roughness	achievable	with	“standard”	LS	finishing	techniques	
2. Identify	relevant	human	interactions	techniques	to	assess	quality	perceptions	of	the	
different	surface	finished	LS	parts	
3. Design	and	conduct	experimental	work	to	quantify	these	
4. Identify	how	the	findings	from	this	research	can	be	applied	to	industry	
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3.2 Approach	
After	a	review	of	literature	on	LS,	roughness	and	human	perceptions,	a	series	of	parts	were	
then	produced	to	test	the	range	of	roughness	available	from	the	machine.		Using	these	parts,	
focus	 groups	 were	 then	 utilised	 to	 identify	 the	 correct	 language	 to	 use	 for	 further	
experiments.	 A	 range	 of	 human	 interactions	 techniques	 were	 combined	 into	 one	
experimental	procedure.	A	 small	pilot	 test	 and	 iteration	were	 conducted	before	 the	main	
experiment.	Statistical	analysis	was	 then	used	 to	understand	 the	 results	and	 finally	 future	
recommendations	were	suggested	for	research	routes	following	this	project.		
	
3.3 Ethics	Approval	
Before	any	work	could	commence,	it	was	imperative	that	ethics	approval	was	obtained	from	
the	University	Ethics	Committee.	This	then	enabled	the	work	to	be	carried	out	in	a	regulated	
manner	and	meant	that	all	data	obtained	would	not	be	identifiable	with	the	participants.	For	
more	information	on	the	ethics	approval	for	this	project,	see	Appendix	A.	
	
	 Preliminary	Investigations	into	Quality	Perception	
	 68	
4 Preliminary	Investigations	into	Quality	
Perception	
	
	
This	chapter	begins	by	exploring	the	range	of	LS	surface	finishes	achievable	using	standard	
techniques,	before	testing	the	opinions	and	perceptions	of	these	parts	to	generate	focussed	
vocabulary	for	later	experiments.		
	
4.1 Surface	roughness	testing	
An	 important	 starting	 point	 was	 to	 explore	 if	 there	 were	 any	 noticeable	 surface	 quality	
differences	 by	 changing	 parameters	 within	 the	 current	 build	 technique.	 This	 included	
investigating	different	powder	qualities,	build	orientations	and	positioning	of	the	parts.	Each	
part	used	for	this	initial	testing	was	built	using	the	default	parameters	on	the	EOS	P100	Laser	
Sintering	machine.	
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4.1.1 Objective	
As	discussed	in	Section	2.3.2,	the	following	parameters	of	build	bed	positioning,	orientation	
of	 the	 parts	 and	 material	 quality	 all	 have	 an	 effect	 on	 surface	 finish	 of	 LS	 parts.	 These	
parameters	are	discussed	further	throughout	Chapter	4.		
	
4.1.2 Methodology	
Material	Choice	
Injection	moulded	parts	are	the	most	prominent	rival	to	the	LS	process	as	it	has	smoother	
surface	finishes	and	therefore	many	believe	to	be	a	higher	quality	process.	It	was	decided	to	
only	include	LS	parts	for	this	project	to	justify	the	development	of	surface	finish	of	LS	parts	
before	further	expansion	into	the	market.	Further	work	could	look	into	how	LS	parts	could	
potentially	rival	injection	moulded	parts	in	the	consumer	market.	
	
Build	preparation	
To	prepare	for	the	build,	a	plan	was	put	in	place	to	design	the	layout	of	the	build	and	to	ensure	
the	correct	build	parameters	were	used.		
	
Layout	
The	 test	 sample	 geometry	 was	 a	 70mm	 x	 20mm	 x	 2mm	 tile;	 these	 dimensions	 were	 to	
guarantee	a	finger-width	area	for	the	participants	to	explore	when	used	in	later	participant	
testing.	The	layout	of	the	build	focussed	mainly	on	two	areas:	
	
1. Build	bed	positioning	–	Half	of	the	tiles	were	positioned	in	the	centre	of	the	build	bed	
and	the	other	half	built	around	the	edge.	This	was	to	identify	if	the	quality	of	parts	
changed	depending	on	the	build	bed	position	of	the	part.		
2. Part	orientation	–	The	tiles	were	also	split	 into	three	different	orientations,	with	a	
third	of	the	tiles	each	built	at	0°,	at	45°	and	90°	to	the	build	bed	surface.		This	was	to	
identify	if	the	orientation	of	the	part	affected	the	surface	finish	quality	of	the	parts.	
From	the	literature,	it	was	expected	that	the	parts	built	at	45°	to	the	build	bed	surface	
would	have	the	roughest	surface	finish	[126].	
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The	part	layout	positions	are	summarised	in	Table	4.1.	
Table	4.1	–	Layout	of	the	test	sample	parts	in	the	build	bed.	
Tile	Orientation	
Tile	Position	
Centre	 Edge	
0°	 3	 3	
45°	 3	 3	
90°	 3	 3	
	
This	build	was	 to	be	 carried	out	 three	 times	 in	 three	different	powder	 types	of	 the	 same	
material.	The	material	used	was	PA2200,	which	is	a	nylon-12	based	polymer	provided	by	EOS.	
The	three	varieties	of	powder	were:	
	
1. Used	–	This	was	an	old	powder,	that	had	been	used	in	a	previous	build	that	had	then	
been	cleaned	and	recycled	ready	for	another	build.	
2. 50-50	–	This	was	a	mixture	of	both	the	virgin	and	used	powders.	This	is	the	standard	
powder	 that	 is	 used	 for	 most	 LS	 builds,	 as	 recommended	 by	 the	 machine	
manufacturer.	
3. Virgin	–	This	was	a	new,	pure	powder	that	had	not	been	used	before.	
	
These	 three	 types	 of	 powder	 were	 chosen	 to	 demonstrate	 the	 variety	 of	 powder	
combinations	available	for	use	in	LS	[52].	From	these	areas	of	interest,	the	part	names	were	
generated	with	the	first	number	representing	the	orientation,	 letter	representing	whether	
the	part	was	in	the	centre	of	the	build	or	the	edge,	and	the	last	number	representing	the	part	
number.	For	example,	part	“45	E	3”	was	positioned	at	45°	to	the	surface	of	the	build	bed	at	
the	edge	of	the	build	area	and	was	part	number	three.	
	
Build	parameters	
The	build	parameters	were	kept	to	the	standard	settings	for	the	EOS	Formiga	P100	LS	machine	
for	 the	PA2200	powdered	polymer	 as	 described	 in	 Chapter	 1	 to	 ensure	 the	best	 possible	
quality	build.	The	build	parameters	used	are	shown	in	Table	4.2.	
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Table	4.2	-	Standard	build	parameters	for	PA2200	built	in	the	EOS	Formiga	P100	LS	Machine.	Adapted	from	[46].	
Parameters	
Layer	thickness	 0.1mm	
Part	bed	temperature	 170°C	
Removal	chamber	temperature	 150°C	
Laser	power	(contour)	 16W	
Scan	speed	(contour)	 1500mm/s	
Laser	power	(hatching)	 21W	
Scan	speed	(hatching)	 2500mm/s	
Scan	spacing	 0.25mm	
Heat	up	time	from	cold	 1°C	per	minute	~	2.5hours	
Cooling	time	after	build	 ~	build	time	
	
Once	 the	build	was	 completed	 in	 the	 three	different	 grades	of	 powder	 (virgin,	 50-50	and	
used),	then	the	parts	were	cleaned	and	prepared	for	surface	testing.	
	
Part	clean-up	
Once	built,	the	parts	were	taken	out	of	the	machine	in	a	powder	cake,	extracted	and	cleaned.	
The	 parts	 were	 cleaned	 using	 compressed	 air	 and	 then	 washed	 with	 water	 and	 dried	
thoroughly	to	try	to	eliminate	any	loose	powder	left	on	the	tiles.		
	
Profilometry	testing	
Profilometry	was	the	chosen	method	of	measuring	the	surface	roughness	of	the	test	sample	
parts	as	explained	in	Chapter	1.	This	process	uses	a	diamond	stylus	to	trace	a	profile	across	a	
specimen	to	gauge	the	average	roughness	of	the	surface.		
	
Measurements	were	taken	at	0.5mm/s	for	a	sample	 length	of	20mm	to	ensure	a	practical	
speed	so	that	the	stylus	could	detect	all	surface	displacements	(as	advised	by	the	machine	
manual	[127]).	Each	tile	was	tested	six	times;	three	tests	were	each	performed	on	the	top	
bottom	and	then	averaged.	This	was	to	gather	a	more	general	picture	of	the	roughness	across	
the	whole	surface,	rather	than	just	the	one	area.	The	literature	had	suggested	that	there	may	
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be	differences	in	the	top	and	bottom	surface	roughness	measurements	[7].	The	path	of	the	
stylus	on	each	side	of	the	part	is	depicted	in	Figure	4.1.	
	
	
Figure	4.1	-	Guideline	of	where	the	profilometry	measurements	took	place	on	each	part	
	
Data	was	accumulated	for	all	three	types	of	powder	in	different	positions	and	orientations	
within	the	build	bed.	As	explained	in	Chapter	1,	the	arithmetical	mean	deviation	(Ra)	value	
was	identified	to	be	the	measurement	of	most	benefit	from	this	testing.	Ra	values	show	the	
average	displacement	from	the	surface	plane	set	at	0,	which	is	the	standard	value	to	identify	
[7,	52].	The	collected	surface	roughness	data	can	be	found	in	Appendix	B.	
	
4.1.3 Results	
Used	powder	
Top	and	bottom	surfaces	
As	shown	in	Figure	4.2,	the	used	powder	results	 indicate	that	the	top	surface	of	the	parts	
generally	had	a	rougher	surface	finish	in	comparison	to	the	bottom	surface	with	error	bars	
indicating	the	range	of	values	measured	for	each	surface.	
	
	
Figure	4.2	-	Difference	of	the	Ra	average	values	between	the	top	and	bottom	of	the	used	parts	
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Figure	4.2	shows	that	the	top	average	values	(blue	bars)	are	predominantly	higher	than	the	
bottom	average	for	all	three	orientations	and	build	bed	positions,	apart	from	part	90	E	1	–	
although	that	part	did	have	a	very	large	range	of	measurements.	
	
Build	position	
Parts	built	at	the	edge	of	the	build	bed	had	slightly	more	varied	measurements	than	those	
built	in	the	centre,	however	this	factor	did	not	result	in	a	great	difference	in	terms	of	average	
surface	roughness.	This	lack	of	difference	suggests	that	as	long	as	the	parts	are	centred	in	the	
build	bed	as	advised	[46],	then	parts	nearer	the	edge	of	the	build	bed	would	not	be	greatly	
affected.	
	
Orientation	
The	different	orientations	of	the	parts	again	did	not	have	a	large	effect	on	surface	roughness	
measurements.	The	parts	built	at	45°	had	more	varied	results,	but	this	result	was	expected	
according	to	the	system	manual	[46].	
	
50-50	powder	
Top	and	bottom	surfaces	
The	top	surface	was	found	to	mostly	have	higher	roughness	values	than	the	bottom	surface,	
with	much	higher	values	found	on	the	45°	parts	as	shown	in	Figure	4.3.	
	
	
Figure	4.3	-	Difference	of	the	Ra	average	values	between	the	top	and	bottom	of	the	50-50	parts	
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Compared	to	the	45°	parts,	the	0°	and	90°	parts	seemed	to	have	closer	values	of	roughness	
for	 the	top	and	bottom	readings.	This	could	be	due	to	 the	reduced	“stair-stepping”	effect	
from	the	horizontal	and	vertical	build	lines	compared	to	the	slanted	build	line	from	the	45°	
built	parts.	
	
Build	position	
For	 the	 50-50	 powder,	 there	was	 not	much	 difference	 in	 the	 build	 position	 values	 found	
between	the	parts	built	in	the	centre	and	the	parts	built	on	the	edge	of	the	build	bed.	
	
Orientation	
As	shown	in	Figure	4.3,	all	of	the	parts	that	were	placed	at	a	45°	to	the	build	bed	surface	had	
a	larger	top	surface	roughness	than	all	of	the	other	part	orientations.	This	result	suggests	that	
the	top	of	parts	built	at	45°	had	a	rougher	surface	finish,	and	if	a	smoother	finish	was	desired,	
45°	would	not	be	the	best	orientation	to	use.	
	
Virgin	powder	
Top	and	bottom	surfaces	
The	0°	and	90°	parts	were	far	closer	in	roughness	value	between	the	top	and	bottom	surfaces	
in	comparison	to	the	45°	parts,	as	shown	in	Figure	4.4.	
	
	
Figure	4.4	-	Difference	of	the	Ra	average	values	between	the	top	and	bottom	of	the	virgin	parts	
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This	result	suggests	far	more	consistent	roughness	between	the	top	and	bottom	surfaces	of	
each	 part,	 implying	 this	may	 be	 a	 useful	 powder	 to	 build	 in	 for	 consistent	 and	 smoother	
surface	finishes.	
	
Build	position	
The	build	positioning	of	these	virgin	sample	parts	do	not	show	much	difference	between	the	
centre	and	edge	built	parts	except	the	45°	edge	parts,	which	are	notably	rougher.	This	result	
suggests	that	the	45°	edge	parts	are	not	as	consistent	as	other	parts	built	centrally	in	the	build	
bed.	
	
Orientation	
The	virgin	powder	parts	followed	a	similar	pattern	to	the	50-50	powder	parts,	with	the	45°	
parts	having	a	rougher	top	surface	finish	than	the	other	orientations.	The	bottom	of	the	0°	
and	90°	parts	were	mostly	slightly	smoother	than	the	top,	as	shown	in	Figure	4.4.	
	
Summary	
It	was	 found	that,	overall,	 the	bottom	surface	of	 the	parts	was	measured	to	have	a	 lower	
roughness	value	 than	 the	 top	surface.	The	used	parts	had	 rougher	 surface	 finishes	with	a	
trend	that	mostly	followed	with	the	50-50	and	then	virgin	powders,	respectively.	However,	
the	 average	 surface	 finish	 of	 the	 50-50	 parts’	 bottom	 surface	 was	 slightly	 smoother	 on	
average	than	the	bottom	of	the	virgin	parts.		
	
From	all	three	data	sets	of	the	different	powders,	it	was	clear	that	the	virgin	powder	gave	a	
lower	average	of	surface	roughness.	Virgin	powder	tile	0	C	1,	was	measured	as	the	lowest	
roughness	achievable	(10.15µm)	and	the	50-50	powder	tile	45	E	3	had	the	highest	roughness	
(20.40µm).	These	two	test	plates	were	taken	forward	for	use	in	the	focus	groups.		
	
The	orientations	of	the	parts	also	showed	some	variations.	The	top	of	the	parts	built	at	45°	to	
the	build	bed	were	considerably	rougher	in	both	the	50-50	and	virgin	powders.	This	supports	
the	findings	by	Ellis	et	al.	[49]	of	parts	built	at	0°	and	90°	to	the	build	bed	giving	smoother	
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surface	finishes.	The	used	powder	parts	built	at	45°	to	the	build	bed	were	not	as	outstanding,	
but	gave	more	varied	results	in	comparison	to	the	other	orientations	in	that	powder.	
	
The	parts	built	at	the	edge	of	the	build	bed	were	more	varying	in	range	than	the	parts	built	in	
the	centre.	
	
For	future	builds,	it	was	decided	to	use	virgin	powder	in	the	centre	of	the	build	bed	at	either	
0°	or	90°	as	these	orientations	produced	the	most	consistent	and	smooth	parts.	
	
4.2 Focus	groups	
In	 order	 to	 identify	whether	 the	participants	 could	distinguish	between	 the	 roughest	 and	
smoothest	 parts	 from	 the	 LS	 machine,	 focus	 groups	 were	 held	 and	 were	 also	 used	 to	
determine	vocabulary	for	use	in	subsequent	testing.	
	
A	focus	group	is	defined	as	“bringing	together	representative	users	to	discuss	their	issues	and	
concerns	about	the	features	of	the	system	being	evaluated”	[128]	It	was	decided	to	use	the	
focus	 groups	 to	 gather	 qualitative	 information	over	 individual	 interviews,	 as	 focus	 groups	
produce	a	more	natural	environment	–	“the	participants	are	influencing	and	influenced	by	
others	as	they	are	in	real	life”	[111].	It	was	important	to	allow	participants	to	“stimulate	and	
encourage	 each	 other”	 [129]	 and	 to	 simulate	 a	 real	 life	 atmosphere	 to	 allow	 relaxed	
participants	to	share	their	views	and	generate	as	many	words	as	possible.	
	
4.2.1 Objective	
Aim	
There	were	two	main	aims	for	this	focus	group:	
	
1. To	identify	whether	the	consumer	has	the	ability	to	distinguish	between	the	roughest	
and	smoothest	natural	surfaces	created	during	LS.	
2. To	identify	the	vocabulary	used	to	describe	quality	for	later	experiments.	
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4.2.2 Methodology	
Krueger	and	Casey	advised	 to	use	 five	main	sections	 to	structure	a	 focus	group:	planning,	
participants,	location,	resource	management,	and	post	focus	group	work	[111].	
	
Planning	
The	planning	section	is	the	most	important	part	of	the	methodology	as	explained	in	Section	
3.4.1.	 It	was	decided	to	carry	out	 two	focus	groups	 in	order	 to	maximise	the	collection	of	
vocabulary,	whilst	maintaining	an	acceptable	size	of	group.	
	
In	order	to	test	the	stated	objectives,	participants	were	each	provided	with	the	roughest	and	
smoothest	samples	from	Section	5.1,	and	asked	to	describe	them.	This	was	to	confirm	any	
noticeable	difference.	Three	phone	cases	were	then	handed	out	and	the	participants	were	
asked	about	the	quality	of	each.	
	
The	LS	parts	 that	were	used	 in	 this	study	were	two	test	parts	 from	the	surface	roughness	
testing	–	the	smoothest	and	roughest	natural	surface	finishes	 from	the	EOS	Formiga	P100	
machine,	Virgin	0	C	1	and	50-50	45	E	3	 respectively.	These	parts	were	used	 to	determine	
whether	 there	 was	 a	 noticeable	 difference	 between	 the	 surface	 finishes	 to	 the	 average	
consumer.	Three	phone	cases	were	also	used	from	an	earlier	study	conducted	by	a	Masters	
student,	each	of	which	was	finished	to	a	different	surface	roughness	using	sand	paper;	these	
cases	were	used	to	give	the	participants	a	real	life	application	for	the	technology	and	also	to	
stimulate	the	generation	of	descriptive	“quality”	words	upon	interaction	with	the	parts.	
	
The	questions	were	split	into	five	categories	as	advised	from	the	literature	[111]:	
	
1. Opening	–	ice	breaker	
2. Introductory	–	general	topic	and	fosters	conversation	
3. Transition	–	helps	to	paint	bigger	picture	
4. Key	–	important	topics	
5. Ending	–	summary		
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These	five	categories	created	the	main	structure	of	the	group	interview.	This	structure	was	
not	only	useful	to	the	participants,	but	to	the	facilitator	as	well,	building	the	sequence	in	a	
focussed	and	logical	configuration.	The	questions	formulated	for	these	focus	groups	can	be	
found	in	the	Focus	Group	Agenda,	shown	in	Figure	4.5.	
	
	
Figure	4.5	-	Focus	group	agenda	
The	order	of	the	questions	was	formed	to	encourage	the	participants	to	progress	their	ideas	
and	answers	throughout	the	focus	group.	The	AM	questions	in	the	introduction	start	off	by	
engaging	the	participants	in	order	to	explore	what	they	already	know	about	the	technology,	
so	 that	 from	 then	 on,	 they	 were	 building	 on	 their	 base	 of	 knowledge.	 By	 asking	 the	
Focus&Group&Agenda!
Opening'Please&say&your&name&and&what&your&favourite&subject&was&in&school.&&
Topic'The&point&of&this&study&is&to&see&what&your&perceptions&of&different&things&are&and&what&you&perceive&quality&to&be.&We&will&be&focussing&this&on&3D&printed&parts.&&
Guidelines'
• There&are&no&right&or&wrong&answers,&only&differing&points&of&view.&
• We&are&tape&recording;&please&make&sure&that&only&one&person&speaks&at&a&time.&
• You&do&not&need&to&agree&with&others,&but&you&must&listen&respectfully&as&others&share&their&views.&
• We&ask&that&you&turn&your&mobile&phones&off&or&put&them&on&silent.&If&you&cannot,& and& if& you& must& respond& to& a& call,& please& do& so& as& quietly& as&possible&and&reDjoin&us&as&quickly&as&you&can.&
• My&role&as&the&facilitator&will&be&to&guide&the&discussion.&
• Please&talk&to&each&other.&&
Introduction'Has&anyone&heard&of&Additive&Manufacturing&before?&3D&Printing?&What&do&you&think&of&the&technology?&The& purpose& of& this& focus& group& is& to& see& what& perceptions& you& have& of& laser&sintered&parts&(type&of&AM)&&
Transition'When&you&hear&the&word&“quality”,&what&springs&to&mind?&How&do&you&define&“quality”?&&
Key'&&(Give&out&the&two&test&plates)&How&would&you&describe&these&two&plates?&&&&(Give&out&the&three&phone&cases)&If&I&were&to&give&you&these&phone&cases,&how&would&you&describe&them?&Are&there&any&noticeable&differences&between&these&phone&cases?&How&would&you&improve&the&phone&cases&to&make&them&a&higher&quality?&&
Ending'Summarise&the&overall&consensus&of&the&group&and&then&ask…&Is&there&anything&I&have&missed?&&
Introductory
section
Ice breaker
to encourage
participants to
speak freely
Open-ended
questions
encourage
discussion
rather than
one-word
answers
Most important.
This is where the
useful vocabulary
will come from. 
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participants	to	talk	about	quality	in	the	transition	section,	this	allowed	them	to	link	the	first	
two	sections	(AM	introduction	and	quality	of	AM	parts)	when	answering	the	key	questions	
later	 on,	 and	 hopefully	 creating	more	 useful	 and	 efficient	 answers.	 By	 having	 a	 group	 of	
people	 answering	 the	 questions	 together,	 this	 also	 allowed	 them	 to	 use	 each	 other’s	
viewpoints	to	generate	more	ideas	and	create	a	wider	choice	of	vocabulary.	
	
Participants	
As	explained	in	Section	2.4.3,	there	is	contrasting	literature	views	on	whether	the	participants	
should	already	know	each	other	or	not.	As	the	focus	group	was	designed	to	encourage	word	
generation,	 it	 was	 decided	 to	 work	 with	 groups	 of	 participants	 who	 knew	 each	 other	 in	
advance	to	encourage	a	more	relaxed	and	free-flowing	environment	as	suggested	by	Kitzinger	
[116]	rather	than	a	group	of	strangers	who	might	have	been	as	confident	in	front	of	a	group	
of	people	they	did	not	know.	
	
It	was	decided	to	choose	the	group	sizes	between	6	and	10	so	as	not	to	have	a	fragmented	
group	 [111],	 but	 to	 still	 have	 enough	 participants	 to	 generate	 a	 worthwhile	 debate.	 The	
participants	were	all	students	or	alumni	from	the	University	of	Sheffield.	
	
Location	
As	explained	in	Section	3.4.1,	the	location	of	the	focus	group	is	important	so	as	not	to	have	
any	distractions	and	to	create	a	relaxed	environment	to	encourage	conversation.	
	
Therefore,	during	both	sessions,	the	focus	groups	took	place	in	quiet	rooms	that	were	free	
from	distraction.	The	participants	were	allowed	to	choose	their	own	seats	around	a	central	
table	ensuring	that	seats	were	placed	as	evenly	as	possible	and	the	recording	equipment	was	
placed	centrally	on	the	table.		
	
Resource	management	
These	 focus	 groups	were	 to	 be	 recorded	 for	 transcription	 afterwards	 to	 ensure	 all	 of	 the	
vocabulary	was	collected.	
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Food	and	refreshments	were	provided	as	suggested	from	the	literature	[111,	119].	This	was	
to	improve	the	participants’	moods	and	to	again	encourage	a	relaxed	and	open	atmosphere.	
	
Post-focus	group	work	
Following	each	focus	group,	the	discussions	were	transcribed	and	then	analysed,	with	any	
themes,	interpretations	or	ideas	taken	into	account.	
	
4.2.3 Combined	tiles	focus	group		
Background	
This	focus	group	consisted	of	seven	participants	who	already	knew	each	other	with	a	male-
female	gender	split	of	3:4	and	age	range	of	19-27.	Participants	were	allowed	to	choose	their	
own	seats,	with	the	final	seating	order	shown	in	Figure	4.6.	
	
Figure	4.6	–	Focus	group	1	seating	plan	
M	was	used	 for	a	male	participant,	F	used	 for	a	 female	participant,	F	 inside	a	box	 for	 the	
facilitator	 and	 D	 and	 L	 used	 for	 the	 dictaphone	 and	 laptop	 respectively.	 The	 laptop	 and	
dictaphone	were	used	to	ensure	the	discussion	was	recorded	and	they	were	placed	near	the	
facilitator	for	ease	of	access	and	testing.		
	
Each	participant	was	given	an	information	sheet	including	details	about	the	project	and	what	
would	be	entailed	in	taking	part.	Each	person	then	freely	signed	a	consent	form	after	they	
were	invited	to	ask	any	questions	about	the	focus	group.	
	
Each	of	the	participants	were	asked,	as	an	ice-breaker,	what	their	favourite	subject	was	at	
school.	The	group	age	range	was	between	18	and	27,	giving	a	good	spread	across	the	target	
audience	[130],	from	undergraduates	to	final	year	PhD	students.		
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The	 agenda,	 shown	 previously	 in	 Figure	 4.5,	 was	 followed	 and	 the	 focus	 groups	 were	
transcribed.	The	main	findings	are	summarised	in	the	following	paragraphs.	
	
Sensitivity	of	LS	
The	participants	had	very	 limited	knowledge	about	AM,	which	mainly	came	from	word-of-
mouth	or	the	media.	This	was	useful	as	the	parts	that	were	shown	to	them	were	the	first	AM	
parts	 they	 had	 come	 into	 contact	 with.	 This	 meant	 that	 the	 participants	 had	 restricted	
preconceptions	of	what	the	parts	would	be	like	and	therefore	were	open	to	more	truthful	
observations.	
	
Both	of	the	test	parts	were	given	out	to	each	participant	for	them	to	explore	and	describe.	
Unfortunately,	one	of	 the	participants	asked	 if	 the	plates	were	different	–	which	was	not	
expected.	 The	answer	 given	was	 that	 if	 the	participants	 could	 feel	 a	difference	 then	 they	
should	let	the	facilitator	know,	which	may	have	given	the	impression	that	the	plates	should	
feel	different.	All	but	one	of	the	participants	claimed	that	they	felt	a	very	subtle	difference.	
This	part	of	the	focus	group	was	analysed	and	re-evaluated	before	the	next	focus	group	was	
carried	out.		
	
Haptic	exploration	techniques	were	noted	down	by	the	facilitator	if	the	exploration	procedure	
stood	out	as	different,	however	word	generation	and	perceived	surface	differences	were	the	
main	priority	of	the	focus	groups.	
	
Quality	perception	
The	 group	 came	 to	 a	 consensus	 that	 the	materials	 used	 to	make	 the	 product	were	most	
influential	when	deciding	upon	whether	something	has	good	or	bad	quality.	Other	ideas	that	
were	 discussed	 were	 weight,	 finish	 and	 durability,	 but	 the	 participants	 agreed	 that	 it	
depended	 on	 what	 the	 object	 was	 as	 to	 what	 defined	 its	 quality.	 This	 suggests	 that	 an	
application	may	be	needed	in	the	later	experiments.		
	
The	phone	cases	were	given	out	separately.	All	but	one	of	the	participants	stated	that	they	
preferred	the	phone	cases	from	smoothest	to	roughest.	The	other	participant	claimed	they	
preferred	the	cases	from	roughest	to	smoothest	as	they	were	worried	the	smooth	cases	
	 Preliminary	Investigations	into	Quality	Perception	
	 82	
would	cause	them	to	drop	the	phone.	An	interesting	comparison	was	that	the	smoothest	
case	was	deemed	as	“luxurious”	and	“your	M&S	brand	of	phone	case”	signifying	that	it	was	
of	a	better	quality	than	the	others,	as	it	would	come	from	that	store.	
	
Summary	
Overall,	the	combined	tiles	focus	group	was	successful	and	addressed	both	of	the	aims	set	
out	at	the	beginning.	However,	there	were	a	few	changes	made	to	the	protocol	for	the	next	
focus	group:	
	
1. Tiles	to	be	handed	out	separately	–	In	the	combined	tiles	focus	group,	the	roughest	
and	 smoothest	 tiles	were	handed	out	 together.	 The	overall	 perception	of	 the	 test	
plates	was	that	a	slight	difference	in	roughness	could	be	felt.	For	the	next	focus	group,	
the	plates	were	to	be	handed	out	separately	to	see	if	there	was	a	noticeable	difference	
between	the	roughest	and	smoothest	LS	tiles.		
2. The	moderator	to	not	lead	vocabulary	–	This	was	not	ideal	in	the	combined	tiles	focus	
group,	as	it	may	have	hindered	the	thought	process	of	some	of	the	participants.	Words	
were	 given	 by	 the	 moderator	 if	 the	 participants	 were	 struggling.	 However,	 the	
participants	should	be	left	to	generate	their	own	vocabulary.	The	key	to	a	successful	
focus	group	is	a	facilitator	that	takes	a	“peripheral,	rather	than	a	centre-stage	role	for	
the	simple	reason	that	it	is	the	inter-relational	dynamics	of	the	participants	that	are	
important,	not	the	relationship	between	researcher	and	researched”	[111].		
3. Recording	 devices	 more	 evenly	 distributed	 –	 Not	 all	 of	 the	 conversation	 could	 be	
picked	up	by	both	recording	devices,	therefore	their	positions	were	re-evaluated	and	
spread	out	between	the	participants.	
	
4.2.4 Separate	tiles	focus	group		
Background	
The	 separate	 tiles	 focus	 group	 was	 conducted	 as	 before,	 however	 the	 points	 from	 the	
previous	focus	group	were	also	addressed.	It	consisted	of	8	participants	with	a	male-female	
gender	split	of	6:2,	and	the	age	range	was	between	18	and	28	years.	The	seating	plan	can	be	
seen	in	Figure	4.7.	
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Figure	4.7	–	Focus	group	2	seating	plan	
Sensitivity	of	LS	
Again,	 the	participants’	 knowledge	about	AM	was	 very	 limited.	 The	media	played	a	more	
prominent	part	in	their	feedback	about	what	they	already	knew,	but	most	of	the	participants	
had	little	to	no	experience	with	the	subject	matter.	The	interpretation	of	this	was	that	the	
participants	would	have	restricted	preconceptions.	As	the	subject	knowledge	was	limited	it	
was	decided	 to	add	an	explanation	of	AM,	specifically	 LS,	 into	 the	agenda.	Therefore,	 the	
participants	would	hopefully	have	a	better	understanding	of	the	technique	before	handling	
the	parts	for	better	engagement	with	the	task.	
	
Unlike	the	combined	tiles	focus	group,	the	two	test	plates	were	handed	out	separately.	Even	
though	 the	 group	 was	 told	 that	 the	 plates	 were	 not	 necessarily	 the	 same,	 all	 of	 the	
participants	did	not	mention	that	they	could	notice	a	difference	between	them.		
	
Quality	perception	
The	group	decided	that	to	define	quality	the	object	would	be	well	made	and	expensive.	There	
was	not	as	much	discussion	at	this	point	of	the	separate	tiles	focus	group,	maybe	due	to	it	
being	in	the	early	stages	and	the	group	was	acclimatising.		
	
The	phone	cases	were	also	given	out	separately.	The	group	came	to	the	same	consensus	as	
focus	 group	 1;	 they	 all	 preferred	 the	 phone	 cases	 from	 the	 smoothest	 to	 the	 roughest.	
However	most	of	the	group	thought	that	the	phone	cases	were	not	substantial	enough	to	
protect	the	phone	if	it	was	dropped.	
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Summary	
The	protocol	changes	made	after	focus	group	1	lead	to	a	successful	and	more	free	flowing	
focus	group.	Each	of	the	earlier	points	were	addressed	and	it	was	apparent	that	most	of	the	
participants	did	not	find	a	noticeable	difference	in	the	two	extreme	tiles	when	handed	out	
separately.	
	
4.2.5 Focus	group	results	
Sensitivity	of	LS	
The	 first	 part	 of	 each	 focus	 group	 was	 to	 investigate	 if	 the	 participants	 could	 notice	 a	
significant	difference	in	the	smoothest	and	roughest	natural	surface	finishes	of	LS	parts.	Table	
4.3	shows	whether	each	participant	distinguished	between	the	roughest	and	smoothest	tiles,	
as	taken	from	the	surface	roughness	testing.	
	
Table	4.3	-	Table	depicting	if	participants	noticed	a	difference	between	tiles	
	 Tiles	given	together	 Tiles	given	separately	
Participant	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	
Difference	 ✔	 ✔	 	 ✔	 ✔	 ✔	 ✔	 	 	 	 	 	 	 	 	
No	
Difference	
	 	 ✔	 	 	 	 	 ✔	 ✔	 ✔	 ✔	 ✔	 ✔	 ✔	 ✔	
	
It	can	be	seen	that	when	handed	the	parts	together,	most	participants	noticed	a	very	small	
difference,	and	when	handed	the	tiles	separately,	no	difference	was	noted.	
	
Those	participants	who	did	notice	a	difference	in	surface	roughness	mostly	claimed	that	 it	
was	only	slight	and	would	not	have	necessarily	observed	it	if	they	did	not	directly	compare	
the	two	at	the	same	time.	One	participant	in	particular	said:		
	
“If	I	didn’t	have	them	both	in	my	hands	at	the	same	time,	I	definitely	wouldn’t	have	noticed	
it.”	
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None	 of	 the	 participants	 who	 were	 handed	 the	 tiles	 separately	 stated	 they	 could	 feel	 a	
difference	between	the	samples.	The	only	time	the	participants	felt	a	slight	difference	was	
when	they	were	actively	seeking	it.	
	
The	main	findings	from	the	two	focus	groups	on	the	sensitivity	of	LS	are	negligible	with	respect	
to	 the	 difference	 in	 the	 surface	 roughness.	 It	 was	 therefore	 decided	 that	 further	 post-
processing	would	be	investigated	in	the	main	experiments.	
	
Vocabulary	
Once	the	focus	groups	were	transcribed,	the	language	used	by	all	of	the	participants	was	then	
analysed.	The	participants	from	both	focus	groups	generated	88	different	words	to	describe	
quality	of	the	plates	during	the	group	interviews.	The	words	were	then	collected	and	ranked	
in	order	of	frequency	and	placed	in	a	word	cloud	for	representation,	as	shown	in	Figure	4.8.	
The	most	frequent	words	used	were	rough,	smooth	and	different.		
	
	
Figure	4.8	-	Word	cloud	created	from	adjectives	collected	in	both	focus	groups	
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The	word	cloud	as	portrayed	in	Figure	4.8	was	created	in	a	piece	of	software	called	Wordle.	
A	word	cloud	is	a	visual	representation	for	text	data	that	gives	greater	prominence	to	words	
that	appear	more	frequently.	It	shows	a	brief	overview	of	the	important	words	used	by	the	
participants	in	the	focus	group.	As	shown,	many	words	like	“rough”,	“smooth”	and	“velvety”	
are	larger	as	they	appeared	more	frequently	in	the	transcriptions	than	others.	However,	this	
does	not	mean	that	the	less	frequent	words	are	not	as	important.		
	
Table	4.4	shows	the	adjective	generation	breakdown	for	each	focus	group.	
Table	4.4	-	Word	generation	from	both	focus	groups	
Focus	
Group	 Tiles	given	together	 Tiles	given	separately	
Participant	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	
No.	of	
adjectives		 41	 14	 14	 10	 25	 28	 22	 30	 4	 6	 30	 16	 17	 7	 31	
Different	
adjectives	 26	 10	 10	 8	 18	 15	 13	 16	 4	 6	 23	 12	 12	 7	 20	
%	of	
adjectives	
that	are	
different	
63	 71	 71	 80	 72	 54	 59	 53	 100	 100	 77	 75	 71	 100	 65	
Total	
different	
adjectives	
54	 60	
	
	
When	analysing	the	descriptions	given	by	each	participant,	the	numbers	varied	greatly.	Some	
participants	generated	over	40	words	each	whereas	others	only	generated	as	little	as	4	words.	
There	was	a	large	amount	of	overlap	between	the	number	of	different	adjectives	used	and	
the	 number	 of	 repeated	 adjectives,	 with	 the	 participants	 producing	 the	most	 number	 of	
adjectives,	not	necessarily	producing	a	 larger	percentage	of	different	words.	The	separate	
tiles	focus	group	generated	a	larger	amount	of	different	adjectives,	but	that	was	expected	
due	to	the	increased	number	of	participants	and	there	was	an	overall	overlap	of	26	words	
between	 each	 focus	 group.	 These	 adjectives	 were	 then	 analysed	 to	 be	 used	 in	 later	
experimentation.	
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4.3 Adjective	development	
4.3.1 Word	reduction	
As	described	in	Section	2.4.5,	the	semantic	differential	test	is	one	of	the	main	qualitative	data	
experiments	 used	 in	 affective	 engineering.	 This	 testing	 method	 is	 based	 on	 qualitative	
adjective	pairing	scales	that	allow	the	participant	to	rank	whatever	they	are	testing	on	this	
scale.	
	
As	there	were	88	different	adjectives	used	to	describe	the	quality	of	the	plates	in	the	focus	
groups,	these	had	to	be	reduced	to	a	more	focussed	and	targeted	set	of	words.	One	of	the	
methods	suggested	from	the	literature	is	to	use	specific	rules	to	eliminate	words	that	do	not	
fit	the	test.	The	linguistic	guidelines	that	were	adapted	for	this	work	were	[79,	81,	82]:	
	
1. Only	adjectives	are	allowed	
2. Remove	adjectives	that	are	not	plausibly	related	to	objects	
3. Remove	adjectives	that	describe	purely	evaluative	reactions	
4. Remove	ambiguous	adjectives	
5. Remove	adjectives	that	describe	feelings	
6. Remove	adjectives	relating	to	prolonged	experience	with	the	sample	rather	than	
a	brief	experimental	encounter	
7. Remove	adjectives	requiring	additional	context	to	be	understood	
8. Remove	comparative	adjectives	
9. Remove	any	adjectives	that	are	not	purely	to	do	with	touch.	
	
Once	all	of	the	words	that	were	not	adjectives	had	been	removed,	the	pool	of	words	to	reduce	
were:	
	
“limited	good	durable	usable	easy	bad	high	well	different	rough	smooth	low	sturdy	cheap	
expensive	best	worst	chalky	sharp	weird	noticeable	similar	nice	grippy	fluffy	velvety	wobbly	
flimsy	greasy	soft	comfortable	stable	better	light	substantial	strong	tough	thick	brittle	cool	
luxurious	huge	identical	difficult	clean	hard	secure	promising	industrial	interesting	poor	
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pliable	robust	comparable	powdery	fine	furry	thin	strange	unusual	neat	see-through	worn	
normal	rigid	consistent	pleasant	complex	successful	weak	flexible”	
	
From	this,	the	words	were	then	systematically	compared	to	the	list	of	rules	to	eliminate	any	
words	that	would	not	fit	the	focussed	set	needed.	Taking	into	account	the	frequency	of	the	
words	as	well,	the	pool	of	words	that	were	then	selected	were:	
	
“rough	smooth	strong	weak	velvety	soft	hard	cool”	
	
One	issue	with	these	words	was	that	although	velvety	was	used	frequently,	it	was	thought	it	
may	emit	a	sense	of	luxury	as	a	word.	This	was	in	conflict	with	both	guidelines	four	and	five.	
Therefore,	the	word	furry	was	substituted	in	place	of	velvet	so	as	not	to	include	a	word	that	
could	suggest	a	feeling.	
	
5.1.1 Word	pairings	
For	 the	 words	 to	 be	 prepared	 for	 implementation	 into	 the	 semantic	 differential	
questionnaire,	they	had	to	be	paired	with	their	opposite	in	meaning.	For	example,	rough	and	
smooth	 would	 be	 placed	 together	 as	 a	 pair.	 This	 reduced	 the	 list,	 which	 then	 must	 be	
decreased	further	to	accommodate	the	questions	each	with	an	odd	numbered	scale	of	two	
opposites	[124].		
	
The	literature	suggests	the	following	pairings	for	surface	roughness	perceptions	[105]:	
	
1. Warm	–	cold		
2. Slippery	–	sticky		
3. Smooth	–	rough		
4. Hard	–	soft		
5. Bumpy	–	flat		
6. Wet	–	dry		
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Using	 the	 adjectives	 collected	 and	 advice	 from	 the	 literature,	 the	 following	word	pairings	
were	produced	to	investigate	the	surface	quality	of	LS	parts:	
	
1. Rough	–	not	rough	
2. Smooth	–	not	smooth	
3. High	quality	–	low	quality		
4. Hard	–	soft		
5. Cool	–	warm	
6. Furry	–	not	furry		
	
The	decision	to	split	up	rough	and	smooth	came	from	a	combination	of	the	literature	[79,	81,	
82]	and	the	fact	that	they	were	both	the	most	frequently	occurring	adjectives	from	the	focus	
groups.	It	was	important	that	even	though	they	are	usually	deemed	as	polar	opposites	to	each	
other,	that	for	this	work,	no	word	ambiguity	was	apparent.	Therefore,	it	was	decided	to	split	
them	into	rough	–	not	rough	and	smooth	–	not	smooth	as	they	were	deemed	to	be	the	most	
important	adjectives	relating	to	quality	in	both	the	literature	and	from	the	focus	groups.	This	
would	also	test	the	consistency	of	the	participants’	answers	in	the	main	experimentation	and	
to	 better	 understand	 the	 relationship	 between	 perceived	 quality	 and	 measured	 surface	
roughness.	The	temperature	pairing	came	from	some	of	the	words	gathered	from	the	focus	
groups	and	hardness	is	from	the	literature	[105].	These	adjective	pairs	were	then	used	in	the	
trial	and	main	testing	explained	in	Chapter	5.	
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5 Pilot	User	Trials	
	
	
This	chapter	discusses	the	design	and	development	of	the	next	major	stage	of	experimental	
work.	Prior	to	beginning	large-scale	testing,	a	small	trial	was	conducted	in	order	to	assess	the	
suitability	of	 this	 approach	and	 to	 generate	 improvements.	 The	details	 of	 the	preliminary	
methodology,	testing	and	results	can	be	found	in	this	section.	
	
5.1 Initial	experimentation	
5.1.1 Aim	
The	main	aim	of	the	testing	process	was	to	determine	user	perceptions	of	quality	through	
Two	 Alternative	 Forced	 Choice	 (2AFC),	 semantic	 differential	 and	 interviewing	 testing	
methods.	 An	 experimental	 design	 was	 determined	 and	 tested	 on	 five	 participants,	 then	
refined.	
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There	were	several	objectives	that	were	established	before	carrying	out	this	testing:	
1. Design	preliminary	methodology.	
2. Test	the	logistics	of	the	experimental	process.	
3. Observe	the	participants’	behaviour.	
4. Gather	the	participants’	opinions	of	the	investigation	process.	
5. Refine	methodology	ready	for	larger-scale	methodology.	
	
To	be	able	to	achieve	these	objectives,	this	chapter	will	be	split	into	three	main	sections	as	
shown	in	the	flowchart	in	Figure	5.1.	
	
	
Figure	5.1	-	Chapter	structure	flowchart	
	
5.1.2 Experimental	design	
Using	 information	 from	 the	 earlier	 focus	 groups	 and	 literature,	 the	 following	 sections	
overview	the	initial	methodology	proposed	for	large-scale	testing.	This	experiment	contained	
four	sections:		
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1. Introduction	to	procedure	–	Participants	were	introduced	to	the	testing	process	and	
asked	to	fill	out	a	couple	of	questions	about	themselves	(age,	dominant	hand,	etc.).		
2. 2AFC	test	–	Participants	assessed	sets	of	two	different	plates	at	a	time	and	decided	
which	one	was	of	a	higher	quality	each	time.	
3. Semantic	differential	 test	 –	Participants	 ranked	each	plate	on	 set	 scales	developed	
from	the	language	gathered	in	Chapter	4.	
4. Unstructured	interview	–	Participants	were	asked	about	their	experience	of	the	tests	
and	gave	feedback.	
	
These	 four	 sections	 were	 proposed	 to	 be	 developed	 for	 the	 experimental	 process	 to	
incorporate	both	types	of	haptic	perception	testing	methods	(2AFC	and	semantic	differential)	
and	 to	 explore	 consistency.	More	detail	 of	 the	development	process	 can	be	 found	 in	 the	
following	sections.	
	
Sample	preparation	
For	the	experimental	development,	six	LS	were	produced.	The	plates	were	increased	in	size	
compared	to	the	previous	plates	used	for	the	machine	testing,	to	give	the	participants	a	larger	
surface	area	(80mm×40mm×2mm)	to	explore	during	the	tests,	as	suggested	from	the	focus	
groups	in	Chapter	5.		
	
To	address	the	initial	aim	of	the	thesis,	the	parts	were	produced	with	a	range	of	common	LS	
surface	finishes,	as	discussed	in	the	following	sections.	
	
Natural	Finish	
The	six	plates	were	all	post-processed	in	the	same	way	initially,	by	being	blasted	with	air	and	
then	washed	with	water	to	remove	as	much	excess	powder	as	possible.	This	generated	the	
natural	surface	finish	given	from	the	machine	to	all	the	parts.	One	of	the	plates	retained	this	
as	 its	 final	 surface	 finish	 and	 the	 other	 five	 were	 processed	 further	 using	 other	 post-
processing	techniques.	
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Shot-blasting	
One	 of	 the	 remaining	 test	 plates	 was	 post	 processed	 using	 shot-blasting,	 the	 standard	
laboratory	protocol	used	 to	 finish	 LS	parts.	This	 is	used	 to	 remove	any	excess,	unsintered	
powder	from	the	surface	of	the	part.	The	media	used	were	glass	beads,	which	were	blasted	
at	the	parts	for	30	seconds	each,	at	around	80mm	away	and	at	a	pressure	of	3	bar.	During	this	
process	the	parts	were	rotated,	so	as	to	have	an	even	finish.	
	
Sanding	
Sanding	 is	 a	 commonly	 used	 post-processing	 technique	 that	 uses	 different	 variations	 of	
gritted	 paper	 to	 erode	 larger	 surface	 particles	 from	 parts	 to	 create	 a	 smoother	 finished	
surface.		
	
Three	of	the	testing	plates	were	sanded	using	240,	400	and	800	grades	of	sand	paper	to	give	
a	 spread	of	 sandpaper	 roughness	 that	 can	be	detected	by	 the	human	 finger	 as	 stated	by	
Skedung	[131].	
	
PUSh™	Process	
The	 PUSh™	 Process	 is	 a	 newly	 developed	 chemical	 surface	 treatment	 that	 significantly	
reduces	surface	roughness	without	the	need	for	sanding	[132].		One	of	the	test	plates	was	
post	processed	using	this	technique	to	provide	the	smoothest	finish	currently	available.	
	
The	parts	were	post	processed	to	give	differing	surface	roughness	for	the	experimental	design	
procedure	as	shown	in	Table	5.1.		
Table	5.1	–	Summary	of	post	processed	parts	used	for	the	trial	tests	
Part	 Post	Process	 Surface	roughness	(µm)	
1	 Natural	finish	(control)	 13.25	
2	 Glass	bead-blasted	 15.49	
3	 Sanded	with	240	grade	sandpaper	 12.92	
4	 Sanded	with	400	grade	sandpaper	 11.98	
5	 Sanded	with	800	grade	sandpaper	 12.60	
6	 PUSh™	Process	 6.90	
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Experiment	preparation	
In	order	to	achieve	the	objectives	as	stated	in	Section	6.1.1,	four	sections	to	the	experiment	
were	created,	listed	as	follows:	
	
A. Introduction	to	the	experiment	
B. Quality	perception	between	two	plates	(2AFC	test)	
C. Surface	finish	analysis	(Semantic	differential	test)	
D. Unstructured	interview	
	
The	sections	were	designed	to	break	up	the	experiment,	not	only	for	the	participant,	but	also	
for	the	facilitator,	so	that	each	section	was	focussed	on	the	original	aims	and	builds	on	the	
engagement	of	the	previous	section.		
	
A:	Introduction	to	procedure	
The	 aim	 of	 this	 section	 was	 to	 introduce	 the	 participant	 into	 the	 experiment	 without	
overwhelming	them	and	give	them	an	overview	of	the	testing	process.		
	
Section	A	was	designed	to	introduce	the	participant	to	the	experiment,	giving	an	overview	of	
the	whole	process,	as	well	as	to	present	consent	forms.	In	Krueger	and	Casey’s	research	on	
opening	questions	in	focus	groups	[111],	they	suggested	that	the	opening	questions	should	
be	easy	to	answer	and	factual	to	encourage	engagement	in	the	activity.	This	was	translated	
to	the	introduction	so	as	to	put	the	participant	at	ease	before	the	main	section	of	testing.	The	
participant	was	given	a	consent	 form,	 information	sheet	and	questionnaire	booklet	which	
contained	 all	 of	 the	 paperwork	 needed	 to	 complete	 the	 experimental	 process.	When	 the	
experimental	paperwork	was	given	to	the	participant,	the	facilitator	stated:	
	
“The	point	of	this	study	is	to	test	out	an	experimental	procedure	and	to	gather	opinions	on	it.	
Please	read	through	the	information	sheet	and	consent	form	carefully.	If	you	are	happy	with	
them,	please	feel	free	to	sign.”	
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The	personal	details	from	each	participant	did	not	contain	any	data	that	would	make	them	
recognisable	to	the	facilitator	during	the	analysis	and	to	ensure	anonymity.	The	introduction	
allowed	the	participant	to	be	slowly	introduced	and	taken	through	the	next	steps.		
	
Quality	perception	between	two	plates	(2AFC	test)	
The	aim	of	 this	 section	was	 to	 familiarise	 the	participant	with	 the	plates	and	 to	 test	 their	
choice	reliability.	
	
Section	B	 tested	 the	participant’s	quality	perception	between	 two	plates	by	using	a	2AFC	
method.	This	method	is	largely	used	in	psychological	tests	[122]	and	forces	the	participant	to	
choose	between	two	plates	that	are	hidden	from	view,	as	shown	in	Figure	5.2.	
	
	
Figure	5.2	-	Customised	box	used	in	the	test	procedure	
As	explained	 in	Chapter	3,	 there	has	been	a	 lot	of	 research	 into	 the	human	perception	of	
surfaces	focussing	on	the	use	of	sight.	Many	researchers	have	worked	with	[100,	101]	and	
without	 [102,	 103]	 the	 use	 of	 sight	 in	 their	 work,	 yet	 Lederman	 et	 al.	 found	 that	 in	 the	
perception	of	roughness;	touch	dominated	vision	[104].	It	was	decided	not	to	use	sight	in	the	
2AFC	experiments	so	that	any	input	from	visual	memories	from	participants’	past	experiences	
were	not	used	to	influence	decisions.	Also	as	this	thesis	largely	looked	into	the	perception	of	
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roughness,	the	decision	to	only	use	the	sense	of	touch	was	in	line	with	the	work	of	Lederman	
et	al.	[104].			
	
In	the	questionnaire	booklet,	there	was	a	statement	informing	the	participants	of	what	was	
happening	in	this	section:		
	
“You	will	be	asked	to	choose	between	two	parts	at	a	time	in	a	two	alternative	forced	choice	
experiment,	led	by	the	facilitator”.	
	
The	participant	was	informed	that	they	could	only	use	one	hand	for	analysis,	but	no	finger	
would	be	specified	unlike	 in	Barnes	and	Childs’	work	where	 they	only	use	 the	motorically	
awkward	ring	finger	[78].	This	was	to	create	a	more	life-like	situation	and	to	ensure	that	the	
participants’	concentration	was	on	the	experiment	and	not	trying	to	interpret	the	reason	for	
finger	choice.		
	
The	participant	was	told	by	the	facilitator:	
	
“Please	choose	which	plate	feels	higher	in	quality.”	
	
With	the	six	tiles,	there	would	be	15	pairing	combinations	that	would	be	carried	out	three	
times	 to	 make	 45	 tests.	 This	 was	 to	 test	 the	 repeatability	 of	 the	 experiment	 and	 the	
consistency	 of	 the	 participants.	 It	 would	 be	 important	 to	 observe	 the	 finger	movements	
similarly	to	Lederman	and	Klatzky	[9]	and	participant	engagement	to	assess	the	effectiveness	
of	the	experiment.	
	
Each	pairing	was	already	listed	for	the	facilitator	and	the	order	was	randomly	generated	to	
make	the	testing	process	completely	fair.	This	guaranteed	a	more	easily	flowing	section	for	
both	the	participant	and	the	facilitator.	As	the	pairs	were	tested,	the	facilitator	would	note	
down	the	tile	that	was	chosen	as	the	higher	in	quality.		
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Surface	finish	analysis	
The	aim	of	this	section	was	to	generate	a	more	quantifiable	understanding	of	the	participants’	
perceptions	through	the	semantic	differential	test	method.	
	
Section	C	tested	the	participant’s	impression	of	surface	finish	by	using	a	semantic	differential	
technique.	 Semantic	 differential	 tests	 are	 used	 in	 psychological	 analysis,	 but	 also	 more	
commonly	in	affective	engineering	with	the	use	of	adjective	analysis	such	as	in	the	work	of	
Barnes,	Childs	and	Lillford	[78-80,	105,	133].	This	where	the	participant	would	test	each	plate	
separately,	 hidden	 behind	 a	 screen.	 They	 would	 then	 rate	 it	 against	 words	 on	 semantic	
differential	scales	as	determined	in	Chapter	4.		
	
In	 the	 questionnaire	 booklet,	 the	 participants	were	 told	 to	 turn	 the	 page	 if	 they	 had	 not	
already	done	so.	An	example	of	the	page	that	was	presented	is	shown	in	Figure	5.3.	
	
	
Figure	5.3	-	Semantic	differential	scales	used	in	section	C	
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The	participants	were	told	to	rate	each	tile	against	all	of	the	scales	presented	in	the	booklet.	
The	key	words	given	for	each	scale	were	those	that	were	chosen	from	the	focus	groups	in	
Chapter	 4	 and	 literature	 [105].	 The	 scales	 were	 an	 odd	 number	 so	 as	 not	 to	 force	 the	
participant	 into	a	decision,	but	to	allow	them	to	decide	that	the	parts	are	neither	soft	nor	
hard	[78].	The	order	in	which	the	plates	were	given	was	randomly	generated	to	prevent	any	
detection	of	plate	order	patterns	and	the	facilitator	was	given	a	list	of	these	beforehand.		
	
As	 the	 participants	 rated	 the	 parts,	 the	 facilitator	 could	 take	 observational	 notes	 of	 the	
exploratory	techniques	used	by	each	participant.	
	
Unstructured	interview	
The	aim	of	this	section	was	to	gather	feedback	from	the	participants	about	the	experimental	
procedure	to	then	take	forward	to	improve	it	for	further	testing.	
	
Section	D	gathered	the	participants’	opinions	and	observations	from	the	testing	process	in	
the	form	of	an	unstructured,	recorded	interview.	The	initial	question	to	be	asked	was:		
	
“How	did	you	find	this	testing	session,	and	do	you	have	any	opinions	of	it?”	
	
This	was	designed	to	be	a	very	simple	question	deliberately	to	leave	open	for	any	comments;	
a	technique	used	by	Krueger	and	Casey	[111]	in	their	focus	group	work.	It	is	very	important	
that	the	question	for	this	section	was	phrased	so	that	it	did	not	lead	any	vocabulary	or	cause	
any	opinions	to	be	changed.	Other	questions	were	also	asked	if	the	facilitator	felt	that	it	would	
be	useful	as	the	conversation	developed.	The	recorded	interview	was	then	transcribed	for	
further	analysis.	
	
By	using	these	four	sections	during	the	testing	process,	the	aims	could	be	approached	and	
documented	 in	 a	 clear	 and	 concise	manner,	which	 enabled	 a	 practical	 refinement	 of	 the	
methodology.	To	guide	the	facilitator	through	the	process,	an	agenda	was	drafted	as	shown	
in	Figure	5.4.	
	
	 Pilot	User	Trials	
	 99	
	
Figure	5.4	–	Experimental	Development	Agenda	for	the	facilitator	
The	agenda	allowed	the	facilitator	to	have	a	concise,	easy-to-read	document	at	hand	to	help	
with	the	structure	and	flow	of	the	experiment.	 It	contained	all	of	the	essential	statements	
that	must	be	read	out	to	each	participant,	along	with	part	orders	and	combinations.	This	was	
also	used	as	a	way	to	quickly	record	observations	made	during	each	section	of	the	test.	All	of	
the	documents	used	in	this	section	can	be	found	in	Appendix	.	
	
5.1.3 Validation	
In	order	to	validate	the	experimental	design	methods,	five	trial	participants	were	selected	to	
take	part	in	the	testing	process	described	in	Section	6.1.2.	These	were	participants	who	had	
shown	particular	engagement	during	the	 focus	groups	and	who	had	freely	given	feedback	
during	the	session.	This	was	to	ensure	that	the	feedback	obtained	for	the	trial	experiments	
was	detailed	and	relevant.	The	following	results	and	observations	were	obtained:	
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Section	A	–	Introduction	to	procedure	
Section	A	did	not	pose	any	problems.	Each	of	the	participants	read	through	the	information	
sheets,	freely	signed	the	consent	forms	and	provided	their	details.	
	
Section	B	–	Quality	perception	between	two	plates	(2AFC	test)	
Test	set	up	
The	box	used	to	conceal	the	parts	was	large,	however,	it	was	not	large	enough	to	obstruct	
everything	from	view.	One	of	the	participants	mentioned	that	they	could	see	the	facilitator’s	
agenda	with	the	box	of	pairings.	This	gave	them	an	indication	as	to	how	many	pairing	tests	
there	would	be,	which	was	undesirable.	The	participant	stated	“not	that	I	was,	looking	at	your	
sheet,	but	I	could	see	the	boxes	and	maybe	that	distracted	me	slightly”.	It	was	important	that	
the	participants	were	focussed	on	the	task	at	hand	and	not	about	how	many	pairing	tests	they	
were	carrying	out.	Therefore,	an	even	larger	structure	was	needed	to	fully	conceal	the	parts	
and	possibly	even	the	facilitator.	There	would	then	be	less	apparent	distractions,	enabling	the	
participant	to	give	the	experiment	their	full	attention.	
	
Participant	instructions	
It	was	apparent	that	each	participant	needed	to	be	given	more	information	before	the	testing.	
Each	participant	was	told	not	to	pick	up	the	samples	during	the	testing	process,	with	a	couple	
of	 the	 participants	 asking	 if	 they	 should	 wash	 their	 hands.	 This	 extra	 information	 was	
incorporated	into	the	introduction	for	the	main	set	of	experiments.	
	
Length	
There	were	a	few	deep	breaths	and	breaks	recorded	in	the	testing	of	Section	B.	This	could	
have	suggested	that	some	of	the	participants	were	becoming	bored	or	tired	of	the	testing,	
however	in	the	interviews,	only	two	mentioned	anything	about	that	section	being	long,	with	
one	 of	 them	 only	 stating	 that	 they	 were	 “not	 expecting	 it	 to	 be	 that	 long”,	 but	 when	
questioned	further	on	the	length,	they	did	not	feel	it	was	too	lengthy.	Again,	by	giving	the	
participants	 a	 bit	more	 information	when	 introducing	 each	 test,	 this	may	 counteract	 the	
problem	and	give	them	a	better	understanding	as	to	why	they	are	conducting	each	test.	
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Section	C	–	Surface	finish	analysis	(Semantic	differential	test)	
In	this	section,	each	participant	was	asked	to	rate	each	part	behind	the	customised	box,	on	a	
semantic	scale	in	the	questionnaire	booklet,	as	shown	in	Figure	5.3.	
	
Questionnaire	booklet	
Most	of	the	questionnaire	booklet	was	acceptable	for	the	experiments,	however	there	were	
a	few	alterations	that	needed	to	be	made.	One	of	which	was	to	omit	the	part	name	at	the	top	
of	 each	 of	 the	 semantic	 differential	 scale	 pages.	 This	 caused	 some	 confusion	 among	 the	
participants,	which	could	be	avoided	if	the	names	were	deleted.	Another	small	change	that	
needed	 to	 be	 made	 was	 to	 give	 the	 participants	 more	 informative	 instructions	 in	 the	
questionnaire.	For	example,	at	the	end	of	each	section,	there	should	be	a	statement	to	inform	
the	participant	not	to	proceed	until	instructed	to	do	so.	
	
Plate	comparison	
A	couple	of	 the	participants	 stated	 that	 they	would	have	 liked	 to	be	able	 to	compare	 the	
plates	 in	the	semantic	differential	 test,	explaining	that	they	thought	their	scoring	may	not	
have	been	as	accurate	without	the	comparison.	This	is	unlikely	to	change	in	the	next	stage	of	
tests	because	it	is	important	that	each	sample	is	examined	as	a	new	plate	each	time.		
	
After	the	testing	was	complete,	one	of	the	participants	asked	if	they	could	have	the	plates	
placed	 back	 in	 the	 box	 for	 them	 to	 rank	 in	 order	 of	 quality.	 Whilst	 this	 was	 only	 one	
participant,	it	was	felt	this	might	give	useful	additional	information	and	was	included	in	the	
final	design.	
	
From	Sections	B	and	C	there	were	some	interesting	behavioural	observations	noted	during	
the	testing	process	as	shown	in	Table	5.2,	with	RH	and	LH	being	the	notations	used	for	each	
hand	used.	
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Table	5.2	–	Observation	notes	from	the	trial	tests	
	 Testing	notes	 Exploration	notes	
1	 -		Parts	moved	around	a	lot.	
-		Told	not	to	pick	up	samples.	
-		Took	3	voluntary	mini	breaks	during	
section	B.	
-		3	middle	fingers	used	to	test	plates	
with	thumb	as	anchor.	
-		Used	RH	for	testing	in	B.	
-		Changed	hands	if	could	not	decide.	
-		Used	LH	for	testing	and	RH	for	
writing	in	C.	
2	 -		Told	not	to	pick	up	samples.	
-		No	noticeable	intakes	of	air.	
-		Asked	to	go	back	and	compare	
plates	in	C.	
-		Only	allowed	to	compare	scores,	not	
plates.	
-		Used	lengthways	stroking	until	
unsure,	then	widthways.	
-		Used	index	and	middle	fingers	for	
testing	with	thumb	as	anchor.	
-		Used	RH	for	testing	and	for	writing.	
3	 -		Told	not	to	pick	up	samples.	
-		Wiped	hands	before	testing.	
-		Asked	if	hands	should	be	washed.	
-		Asked	if	there	were	“hundreds	of	
plates”.	
-		Saw	DP	agenda	sheet.	
-		Three	large	intakes	of	breath.	
-		Asked	to	compare	plates	in	C.	
-		Only	allowed	to	compare	scores,	not	
plates.	
-		Used	index	and	middle	finger	with	
thumb	as	anchor.	
-		Thumb	used	for	testing	if	unsure.	
-		Used	lengthways	strokes,	
widthways	if	unsure.	
-		Used	RH	for	testing	and	writing.	
4	 -		Told	not	to	pick	up	samples.	
-		Tried	to	have	two	informal	chats	in	
B.	
-		Three	deep	breaths	taken	during	
testing	in	B.	
-		Asked	about	washing	hands.	
-		Told	to	turn	over	each	page.	
-		RH	used	for	testing	and	writing.	
-		Thumb	used	as	anchor,	index	and	
middle	used	for	testing	–	mostly	
middle.	
-		Only	used	lengthways	strokes.	
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5	 -		Told	not	to	pick	up	samples.	
-		Some	deeper	breaths	noted	during	
B.	
-		LH	for	testing,	RH	for	writing.	
-		Thumb	as	anchor,	also	used	if	
unsure.	
-		Three	middle	fingers	used	for	
testing.	
-		Scratched	plates	if	unsure.	
-		Lengthways	strokes	mostly	used,	
widthways	if	unsure.	
-		Covered	the	whole	of	each	plate.	
-		Range	of	exploration:	stroking,	
scratching,	tapping	and	flat	hand.	
-		Moved	fingers	in	all	directions.	
	
Haptic	exploration	
The	haptic	exploration	from	each	participant	was	mostly	based	around	the	thumb	being	used	
as	an	anchor	with	the	usage	of	the	three	mid	fingers	for	exploring.	A	popular	movement	was	
lengthways	strokes	for	the	majority	of	the	test	with	width	ways	strokes	if	the	participant	was	
unsure	 of	 a	 decision	 straight	 away.	One	 of	 the	 participants	was	 very	 thorough	with	 their	
exploration,	 using	 tapping,	 scratching	 and	 static	 touching	 as	 well	 as	 strokes	 to	 study	 the	
samples.	This	did	not	alter	or	damage	the	plates	in	any	way.	With	the	thumbs	being	used	as	
an	anchor	by	all	participants,	a	tile	mount	would	be	created	to	hold	the	parts	in	place	during	
the	testing	process.	
	
Section	D	–	Unstructured	interview	
From	the	experimental	development	testing,	it	was	apparent	that	the	interviewing	process	in	
Section	D	needed	more	structure,	in	line	with	suggestions	from	Krueger	and	Casey	[111].	It	
was	made	 to	be	vague	deliberately	 to	encourage	 the	participants	 to	 freely	 share	and	 talk	
about	whatever	they	chose	to	be	important;	but	this	seemed	to	give	too	much	freedom	that	
they	did	not	know	where	to	start.	By	giving	the	facilitator	more	carefully	thought	out	neutral	
sub-questions,	 this	 would	 lower	 the	 chance	 of	 the	 facilitator	 subconsciously	 leading	 the	
vocabulary,	but	also	still	encourage	the	participants	to	openly	express	their	views.	
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Most	of	the	participants	did	not	have	many	further	opinions	on	the	testing	process.	Again,	
the	opinions	ranged	from	a	nostalgic	“it	felt	like	being	at	a	museum	using	the	feely-boxes”	to	
“I	felt	very	paranoid	that	I	was	being	tested”.	This	could	be	down	to	personality	differences,	
but	hopefully	by	giving	the	participants	a	larger	amount	of	information	in	the	next	stage	of	
testing,	this	should	help	all	participants	to	feel	more	at	ease.	
	
Location	
The	 locations	 for	 the	 experimental	 development	 testing	were	 chosen	 for	 ease	 of	 access,	
which	meant	that	three	of	the	tests	were	carried	out	in	a	formal	environment	and	two	in	a	
less	formal	one.	Overall,	it	came	across	that	the	participants	who	were	tested	in	less	formal	
environments	gave	more	varied	views	expressing	both	positive	and	negative	opinions	about	
different	aspects	of	 the	experiment.	Whereas	 those	 tested	 in	a	more	 formal	environment	
seemed	to	be	more	quiet	and	less	likely	to	expand	on	answers.	Numerically,	there	were	not	
enough	people	tested	to	give	a	clear	decision	as	to	which	is	best	and	this	may	have	been	down	
to	each	participant’s	individual	personality;	so	for	future	experiments,	the	participants	will	all	
be	tested	in	the	same	formal	location	to	prevent	bias	from	different	locations.	
	
5.1.4 Discussion	
Whilst	 the	main	 purpose	 of	 validation	was	 to	 refine	 the	 test	 protocol,	 it	 was	 considered	
relevant	to	analyse	the	results	obtained	from	the	tests	themselves,	although	there	was	a	low	
number	of	participants.	
	
Two	alternative	forced	choice	(2AFC)	test	
There	were	differing	views	found	as	to	which	plate	“felt	higher	in	quality”.	A	useful	visual	aid	
to	show	how	the	plates	were	ranked	for	Section	B	is	shown	in	Figure	5.5,	with	each	participant	
represented	by	a	different	colour.	
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Figure	5.5	-	Bar	chart	depicting	the	percentage	of	times	each	part	was	chosen	by	the	participants	in	section	B	
The	graph	in	Figure	5.5	shows	not	only	the	overall	number	of	times	that	each	plate	was	chosen	
as	the	higher	in	quality,	but	it	also	splits	these	overall	numbers	into	participant	choices.	As	is	
shown	Figure	5.5,	the	PUSh	processed	tile	was	chosen	to	be	the	highest	quality	tile	overall	by	
the	five	participants,	yet	only	three	volunteers	consistently	chose	this	tile	as	the	higher	quality	
plate.	
	
The	same	three	participants	stated	that	they	preferred	the	surface	of	the	PUSh	processed	tile,	
whereas	the	other	two	stated	that	they	did	not;	this	seemed	to	be	the	most	conflicting	view	
of	all	of	the	parts.	One	participant	declared	during	the	experiment	that	the	PUSh	part	was	not	
only	the	highest	quality,	but	also	the	most	preferred	part,	yet	this	opinion	was	over	turned	
once	they	saw	the	part	after	the	experimental	development	testing	was	completed.	It	was	
described	as	“tacky”	and	“like	the	fake	fruit	you	would	buy	in	a	shop”,	but	also	as	the	“most	
familiar”	and	“nice	and	smooth”.	This	suggests	that	the	PUSh	surface	finish	is	familiar	to	the	
participants,	but	that	it	is	associated	with	products	that	are	not	necessarily	perceived	as	the	
highest	of	qualities.	Therefore,	the	perception	of	quality	of	this	surface	may	depend	on	the	
application	that	it	is	given.	
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Semantic	differential	test	
With	regards	to	the	sematic	differential	ratings	in	Section	C,	each	participant	was	able	to	rate	
the	parts	on	six,	seven-point,	semantic	differential	scales.	The	frequency	of	the	scores	chosen	
by	the	participants	overall	is	shown	in	Figure	5.6.	
	
Figure	5.6	-	Visualisation	of	the	mean	scores	given	by	each	participant	
Figure	5.6	shows	the	frequency	of	each	score	being	given	by	the	participants	on	the	six,	seven-
point,	semantic	differential	scales.	The	large	spread	of	data	shows	that	all	of	the	values	were	
used	to	describe	the	plates	with	extreme	values	used	less	frequently,	which	is	to	be	expected.	
This	suggests	that	the	use	of	the	odd-point	scale	used	was	warranted,	as	observed	by	Barnes	
[78].	
	
Refinements	
From	the	validation	and	analysis	of	the	data,	the	main	refinements	for	the	next	major	stage	
of	testing	can	be	placed	into	these	sections:	
	
1. Information	–	or	lack	of.	The	participants	must	be	given	more	information	to	enable	
them	to	carry	out	the	testing	with	minimal	distractions.	A	demonstration	of	how	they	
should	interact	with	the	parts	would	be	useful.	
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2. Customised	box	–	this	needs	to	be	larger	so	as	to	completely	restrict	the	sight	of	each	
participant.	The	agenda	used	by	the	facilitator	should	not	be	seen.	
3. Tile	mount	–	this	would	be	developed	so	that	the	tiles	would	not	slide	around	as	much	
when	the	participants	explored	them.	
4. Location	–	the	location	of	each	experiment	should	be	the	same	to	avoid	any	distracting	
factors	that	cannot	be	controlled.	
5. Questionnaire	 –	 needs	 to	 be	 updated	 so	 as	 to	 give	 clear	 instructions	 to	 the	
participants.	
6. Interview	structure	–	needs	to	be	apparent.	This	way	the	participants	can	give	relevant	
opinions	without	feeling	lost.	
7. Semantic	differential	scale	–	stays	the	same.	
	
5.1.5 Conclusions	
Overall	 the	 experimental	methodology	 proved	 successful,	with	 a	 few	minor	 amendments	
required	for	the	next	stage.	
	
The	aims	of	these	experimental	development	experiments	were:	
1. To	develop	experimental	protocol.	
2. To	test	the	logistics	of	the	experimental	process.	
3. To	 observe	 the	 participants’	 behaviour	 during	 the	 2AFC	 and	 semantic	 differential	
tests.	
4. To	gain	the	participants’	opinions	of	the	investigation	process.	
	
These	aims	have	all	been	addressed	with	many	useful	amendments	highlighted	to	make	the	
next	stage	of	the	experimental	process	more	efficient	and	effective.	
	
It	was	apparent	from	the	behaviours	and	opinions	of	the	participants	that	they	need	to	be	
given	more	structure	throughout	the	whole	experimental	process.	This	will	help	to	engage	
them	with	the	content	more	effectively	whilst	minimising	the	ambiguities	they	may	have	felt	
beforehand.	By	fixing	the	location	to	a	central,	formal	place,	this	reduces	any	external	factors	
and	distractions	that	may	occur	in	different	locations.	
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Overall,	the	trial	test	was	a	very	useful	process	to	have	that	highlighted	problem	areas	in	the	
methodology	that	needed	to	be	addressed.	This	procedure	was	built	upon	and	refined	to	form	
a	more	comprehensive	set	of	experiments	to	follow.	
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6 Main	User	Trials	-	Results	
	
	
	
For	the	main	set	of	experiments	used	in	this	project,	a	revised	testing	method	was	used.	By	
introducing	 these	 changes,	 a	 far	 more	 structured	 testing	 method	 was	 developed	 and	
implemented.	
	
6.1 Refinements	
6.1.1 Tiles	
The	tiles	were	slightly	changed	from	the	previous	experiment.	The	240	grade	sanded	part	was	
removed	and	two	other	sanded	tiles	(180	and	1200	sanded	parts)	were	brought	in.	This	was	
to	provide	a	greater	spread	of	roughness	as	the	literature	suggests	that	the	human	finger	can	
feel	a	large	range	of	surface	roughness	[131].	Table	6.1	shows	the	final	list	of	post-processed	
parts	that	were	used	in	the	final	experiments.	
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Table	6.1	–	Summary	of	the	post	processed	parts	used	for	the	main	experimentation	
Part	 Post	Process	 Surface	roughness	(µm)	
1	 Natural	finish	(control)	 11.09	
2	 Glass	bead-blasted	 8.64	
3	 Sanded	with	180	grade	sandpaper	 3.42	
4	 Sanded	with	400	grade	sandpaper	 3.10	
5	 Sanded	with	800	grade	sandpaper	 3.70	
6	 Sanded	with	1200	grade	sandpaper	 3.50	
7	 PUSh™	Process	 1.74	
	
The	parts	used	for	the	main	user	trials	were	surface	roughness	tested	using	a	profilometer	
and	Figure	6.1	shows	the	surface	roughness	differences	visually.	
	
	
Figure	6.1	–	Graph	showing	the	differing	surface	roughness	measurements	of	each	test	part	
	
Each	data	point	represents	a	different	tile	number	as	stated	in	Table	6.1	with	the	error	bars	
representing	the	spread	of	surface	roughness	measurements	obtained	during	profilometry.	
The	differences	in	ranges	could	be	due	to	the	accuracy	of	the	profilometer	used.	Figure	6.1	
shows	that	the	natural	tile	was	measured	to	have	the	highest	average	surface	roughness	and	
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the	PUSh	tile	had	the	lowest.	The	sanded	tiles	had	very	similar	averages	and	ranges	measured,	
which	suggests	that	the	participants	may	have	a	slight	difficulty	in	differentiating	the	between	
them	when	asked	about	roughness.	
	
6.1.2 Information	and	questionnaire	
The	participants	were	given	a	 far	more	detailed	 introduction	to	the	experimental	process.	
Each	section	reviewed	the	instructions	given	by	the	facilitator	and	there	were	also	reminders	
to	ask	questions	if	need	be.	The	set	of	instructions	in	the	questionnaire	booklet	directed	the	
participants	not	to	act	unless	told	to	do	so	by	the	facilitator.	Each	of	the	pages	had	“please	
turn	over”	and	“please	wait	for	facilitator”	signs	to	give	step	by	step	guidance.	
	
Another	section	was	added	after	the	semantic	differential	tests	where	the	participants	were	
asked	to	rank	the	tiles	behind	the	screen.	This	was	included	after	a	trial	participant	asked	if	
they	 could	 rank	 the	 tiles	 after	 the	 trial	was	 completed.	 This	 initial	 ranking	 could	 then	 be	
compared	to	a	sight	ranking	that	they	would	carry	out	during	the	interview,	giving	an	insight	
as	to	whether	vision	has	a	differing	impact	to	quality	perception	compared	to	touch.		
	
The	facilitator	also	took	more	detailed	notes	to	ensure	no	part	of	the	testing	was	overlooked	
or	forgotten.	More	statements	were	included	in	the	notes	for	the	facilitator	to	read	out	and	
actions	were	also	reworded.	The	new	experimental	documents	can	be	found	in	Appendix	D.	
	
6.1.3 Customised	box	
A	larger	box	was	sourced	and	customised	to	create	a	fully	obstructed	view.	The	participants	
were	now	unable	to	see	the	facilitator	apart	from	their	head	if	they	needed	to	ask	questions.	
This	was	covered	with	a	sheet	to	give	a	more	finished	look	to	the	experiment.	
	
6.1.4 Location	
All	of	the	participants	were	tested	in	the	same	location.	It	was	noted	that	the	facilitator	was	
to	be	as	welcoming	as	possible	so	as	to	encourage	the	participants	to	freely	give	any	opinions	
and	to	feel	comfortable	in	asking	questions.	
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6.1.5 Interview	structure	
The	 interview	 structure	 became	 more	 detailed.	 The	 participants	 were	 reminded	 of	 the	
process	 that	 they	had	 just	been	 through.	 They	were	 then	asked	 if	 they	 thought	 they	had	
favoured	or	not	favoured	any	of	the	parts	in	the	2AFC	test.	The	question	was	to	see	if	they	
perceived	to	tell	a	difference	between	at	least	two	of	the	tiles.	They	were	then	asked	what	
the	main	 factor	was	 that	 they	 used	when	 deciding	what	 quality	was.	 This	 was	 to	 gather	
vocabulary	to	better	picture	what	people	wanted	from	a	high	quality	mobile	phone	case.	
	
The	tiles	were	then	revealed	to	the	participants	in	the	order	that	they	ranked	them	just	before	
the	interview.	This	offered	a	chance	for	the	participants	to	change	their	ranking	upon	seeing	
the	tiles.	
	
The	interview	then	moved	onto	personal	experiences;	asking	if	mobile	phones	were	owned	
and	what	they	as	customers	would	look	for	when	buying	one.	They	were	then	asked	if	they	
would	buy	a	mobile	phone	case	with	any	of	the	surface	finishes	in	front	of	them	and	why.	This	
was	to	gather	the	participants’	final	overall	perception	of	the	surfaces.	
	
By	developing	a	new	structure	to	the	interview,	it	was	intended	to	ensure	the	participants	
covered	similar	topics	with	their	answers,	whilst	also	to	encourage	them	to	expand	on	their	
answers.	
	
6.1.6 Semantic	differential	scale	
As	discussed	in	section	5.1.4,	there	was	no	need	for	scale	refinements.	
	
6.1.7 Participant	instructions	
Overall,	there	were	44	volunteers	who	took	part	in	this	testing	process.	This	did	not	include	
any	of	the	participants	from	the	experimental	development	assessments	to	avoid	any	pre-
existing	bias	from	previous	tests.		
	
All	of	the	participants	were	students	that	were	contacted	through	the	University	of	Sheffield	
with	a	57:43	percentage	gender	 split	between	males	and	 females,	 aiming	 to	get	a	 similar	
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number	 of	 both.	 It	 is	 possible	 to	 argue	 that	 these	 students	 represent	 a	 section	 of	 the	
population	that	have	easier	access	to	disposable	income	due	to	mostly	not	being	in	a	position	
to	not	have	long-term	monetary	contracts	and	commitments	[130].	Therefore,	they	would	be	
in	a	more	likely	position	to	spend	money	on	mobile	phone	cases.		
	
The	participants	were	all	tested	separately	in	the	same	room	location.	To	encourage	more	
participants	 to	 take	 part	 in	 the	 testing,	 the	 offers	 of	 a	 drink	 and	 a	 tour	 around	 an	 AM	
laboratory	were	given	to	all	participants,	but	not	all	of	the	participants	took	these	offers.	It	is	
very	important	that	the	contributors	were	not	offered	anything	that	could	be	interpreted	as	
a	bribe.	Nothing	of	monetary	value	was	exchanged	or	offered	other	than	a	beverage	if	they	
so	desired.	The	participants	must	feel	as	neutral	to	the	experiment	as	possible	so	as	not	to	
affect	their	perceptions	or	outcomes	[119].	
	
6.2 Types	of	data	
Statistical	 data	 can	 be	 categorised	 into	 four	 standard	 groups	 that	 use	 different	 statistical	
methods	during	analysis	as	shown	in	Figure	6.2.	
	
	
Figure	6.2	-	Flowchart	explaining	different	types	of	data	variables	[134]	
The	main	difference	between	ordinal	 and	nominal	 is	 that	ordinal	 includes	 ranks,	whereas	
nominal	does	not.	For	example,	nominal	 includes	colours	and	nouns	which	do	not	have	a	
significant	order.	 The	data	 collected	 for	 this	 experiment	 is	 classed	 in	 the	ordinal	 category	
because	the	participants	were	asked	to	choose	ranks	and	orders.	As	 the	data	 fell	 into	 the	
Data	Variables
Scale
Continuous
can	take	any	value	(eg.	
height or	weight)
Discrete
integers	(eg.	number	of	
siblings)
Categorical
Ordinal	
obvious	order	(eg.	ranks)
Nominal
no	meaningful	order	
(eg.	gender	or	colours)
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ordinal	category,	standard	parametric	statistical	tests	cannot	be	used	[135],	and	all	further	
tests	must	be	non-parametric.		
	
6.3 Two	Alternative	Forced	Choice	(2AFC)	Testing	
6.3.1 Data	Overview	
In	the	2AFC	test,	each	participant	was	given	a	pair	of	tiles	and	asked	to	indicate	which	tile	felt	
the	 highest	 in	 quality	 for	 a	mobile	 phone	 case.	 The	 2AFC	 test	was	 designed	 to	 force	 the	
participant	to	make	a	decision	as	to	which	plate	 felt	“higher	 in	quality”	between	two	that	
were	 hidden	 from	 view.	 Each	 tile	 was	 rated	 against	 all	 the	 other	 tiles	 in	 a	 completely	
randomised	order	and	this	process	was	repeated	three	times	for	each	pair.	As	each	tile	was	
compared	with	 all	 others,	 each	 tile	 had	 the	 potential	 to	 be	 chosen	 6	 times	 for	 each	 run	
through,	and	therefore	a	maximum	of	18	times	over	the	entire	process.	
	
By	analysing	the	data	from	all	of	the	participants,	Figure	6.3	shows	which	tiles	were	chosen	
as	the	higher	quality	tile	the	most	often	overall.	Profilometry	results	can	be	seen	on	external	
CD.	
	
	
Figure	6.3	-	Bar	chart	showing	the	number	of	times	each	tile	was	chosen	to	be	of	a	higher	quality	over	all	participants'	
testing	
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Figure	6.3	 shows	how	many	 times	each	 tile	was	chosen	by	 the	participants,	with	 the	 tiles	
placed	in	increasing	smoothness	level.	It	suggests	that	the	participants	perceived	the	surface	
finish	of	the	1200	grade	sanded	tile	to	be	of	the	highest	quality	for	a	phone	case,	with	the	
other	sanded	plates	scoring	the	highest	as	well.	However,	there	is	a	drop	off	in	number	of	
times	chosen	for	the	smoothest	tile.	This	 implies	that	most	of	the	participants	preferred	a	
smoother	surface	for	a	phone	case,	but	this	did	not	include	the	smoothest,	PUSh	processed	
tile.	In	order	to	confirm	whether	any	statistical	significance	can	be	attached	to	these	results,	
a	set	of	tests	was	carried	out.		
	
6.3.2 Consistency	between	participants	
The	next	part	was	to	calculate	how	consistent	the	participants	were	with	each	other	in	their	
decisions.	This	determined	whether	the	sample	size	was	appropriate	and	was	carried	out	by	
analysing	the	inter-rater	reliability	of	the	participants	for	the	2AFC	tests.	 If	the	value	came	
back	as	a	high	agreement,	then	the	sample	size	should	be	increased	to	better	represent	the	
population.	
	
The	 inter-rater	 reliability	 compares	 all	 of	 the	 participant	 data	 from	 all	 of	 the	 participants	
together.	 This	 is	 a	 study	 to	 indicate	whether	 the	 participants	were	 in	 agreement	 of	 their	
decisions	of	quality.	
	
This	is	measured	using	the	Intra-class	Correlation	Coefficient	(ICC),	which	is	the	percentage	
agreement	 of	 the	 participants.	 This	 examines	 the	 correlation	 of	 all	 of	 the	 data.	 An	 ICC	 is	
measured	on	a	scale	of	0	to	1;	0	represents	no	reliability	and	1	indicates	perfect	reliability	
with	no	measurement	error.	
	
According	to	Cohen’s	effect	sizes	[136],	as	shown	in		
Table	 6.2,	 these	 measure	 the	 size	 of	 association	 between	 sets	 of	 data.	 The	 higher	 the	
coefficient,	the	higher	the	consistency.	
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Table	6.2	–	Cohen’s	effect	sizes	
	 Effect	size	
Weak	 0	–	0.3	
Moderate	 0.3	–	0.5	
Strong	 0.5	–	0.9	
Very	Strong	 0.9	–	1	
	
	
The	ICC	given	was	0.477.	This	shows	that	47.7%	of	participants	were	in	agreement	about	their	
tile	 selection.	 This	 is	 considered	 a	 moderate	 size	 of	 coefficient,	 suggesting	 that	 people	
opinions	differed	somewhat,	which	implies	that	the	large	sample	size	tested	was	appropriate.	
	
6.3.3 Consistency	of	individual	participants	
While	the	inter-rater	reliability	only	indicates	whether	the	participants’	ratings	are	varied,	a	
more	useful	analysis	is	to	investigate	whether	the	participants	themselves	are	consistent	in	
their	 own	 decisions.	 For	 the	 2AFC,	 each	 participant	 had	 the	 choice	 of	 each	 pairing	 three	
separate	 times	 and	 by	 using	 an	 intra-rater	 reliability	 analysis,	 the	 repeatability	 could	 be	
analysed.	This	investigates	each	participant	separately.	
	
Table	6.3	shows	the	consistency	of	each	participant	across	their	own	choices.	
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Table	6.3	–	ICC	results	from	the	2AFC	tests	
Participant	 ICC	 Participant	 ICC	
1	 0.331	 23	 0.900	
2	 0.937	 24	 0.573	
3	 0.288	 25	 0.865	
4	 0.842	 26	 0.801	
5	 0.993	 27	 0.978	
6	 0.817	 28	 0.853	
7	 0.986	 29	 0.822	
8	 0.894	 30	 0.912	
9	 0.723	 31	 0.773	
10	 0.583	 32	 0.948	
11	 0.861	 33	 0.416	
12	 0.806	 34	 0.927	
13	 0.562	 35	 0.460	
14	 0.964	 36	 0.584	
15	 0.376	 37	 0.884	
16	 0.324	 38	 0.745	
17	 0.838	 39	 0.993	
18	 0.888	 40	 0.828	
19	 0.992	 41	 0.993	
20	 0.966	 42	 0.841	
21	 0.987	 43	 0.960	
22	 0.993	 44	 0.802	
	
	
Table	6.3	has	been	colour	coded	to	coincide	with	Cohen’s	effect	sizes.	As	is	evident	in	Table	
6.3,	86.4%	of	the	participants	had	an	effect	size	greater	than	0.5.	This	shows	that	86%	of	the	
participants	displayed	a	strong	or	very	strong	consistency.	This	implies	that	the	participants	
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were	 actively	 taking	 part	 in	 the	 experiment,	 and	provides	 confidence	 in	 the	 selected	 test	
method.	
6.3.4 Friedman	test	
The	next	step	was	to	analyse	whether	there	was	a	significant	statistical	difference	between	
the	perception	of	quality	of	the	tiles.	As	the	data	was	ordinal,	a	non-parametric	method	was	
needed	 to	 investigate	 this.	 A	 Freidman	 test	 was	 used	 which	 compares	 the	 mean	 ranks	
between	the	related	groups	and	indicates	if	there	is	a	significant	difference	between	these	
groups.		
	
The	 Freidman	 test	 is	 the	 non-parametric	 alternative	 to	 the	 one-way	 Analysis	 of	 Variance	
(ANOVA)	 with	 repeated	 measures.	 It	 compares	 the	 differences	 between	 related,	 ordinal	
groups	 and	 indicates	 if	 there	 is	 a	 significant	 difference	 between	 them	 by	 calculating	 a	
statistical	p-value.	It	can	be	used	to	test	perceived	differences.	
	
To	initiate	this	test,	a	null	hypothesis	(H0)	is	generated	as	the	starting	statement	to	see	if	it	
can	be	disproved.	An	opposite,	alternative	hypothesis	(H1)	is	also	produced	as	the	substitute	
if	the	null	hypothesis	is	found	to	be	incorrect.		
	
In	 the	 Friedman	 test,	 the	 null	 hypothesis	 states	 that	 the	 groups	 are	 the	 same	 and	 the	
alternative	states	that	they	are	different.	For	example,	if	a	jury	has	to	decide	whether	a	person	
is	 guilty	 or	 innocent	 based	on	 evidence,	 the	 null	 and	 alternative	 hypotheses	would	 be	 as	
shown	in	Equation	6.1.	[137]	
Equation	6.1	–	Example	of	null	and	alternative	hypotheses	J0: Lℎ@	N@A?OC	F?	FCCOP@CG		J:: Lℎ@	N@A?OC	F?	COG	FCCOP@CG	
	
These	hypotheses	are	 then	used	 to	define	 the	 test,	with	 the	aim	being	 to	either	prove	or	
disprove	the	null	hypothesis.	This	test	uses	the	scores	for	each	related	group	to	give	them	a	
ranking,	which	is	then	used	in	turn	to	calculate	a	test	statistic	which	is	known	as	the	p-value	
in	a	statistical	computer	programme	known	as	the	Statistical	Package	for	the	Social	Sciences	
(SPSS).	
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The	null	hypothesis	can	only	be	rejected	 if	 there	 is	enough	evidence	to	disprove	 it;	 this	 is	
defined	by	the	size	of	the	calculated	p-value.	The	standard	practice	is	to	accept	0.05	as	the	
cut-off	point	[138].	If	the	p-value	given	is	more	than	0.05	(>5%	of	the	data)	then	there	would	
not	be	a	significant	difference	between	the	groups	and	the	null	hypothesis	would	be	accepted	
(person	is	innocent).	If	the	test	gives	a	p-value	of	less	than	0.05	(<5%	of	the	data),	then	it	is	
said	to	be	statistically	significant	the	null	hypothesis	would	be	rejected	for	the	alternative	(the	
person	is	not	innocent).	
	
This	was	used	as	a	non-parametric	test	to	calculate	if	the	participants	perceived	a	difference	
in	quality	between	all	of	the	tiles.	For	further	information	and	theory	on	the	Friedman	test,	
refer	to	Appendix	E.	
	
To	 initiate	 the	 Friedman	 test	 for	 the	 experimental	 data,	 null	 (H0)	 and	 alternative	 (H1)	
hypotheses	were	generated,	as	shown	in	Equation	6.2.	
	
Equation	6.2	–	The	null	and	alternative	hypotheses	for	the	Friedman	test	J0: Lℎ@	GF-@?	>A@	N@AP@FI@1	GO	Q@	OR	Gℎ@	?>S@	TU>-FG!		J:: )G	-@>?G	OC@	GF-@	F?	N@AP@FI@1	GO	Q@	OR	>	1FRR@A@CG	TU>-FG!	GO	>COGℎ@A	
	
The	 Friedman	 test	 gave	 a	 p-value	 of	 <0.001,	 showing	 there	 was	 a	 statistically	 significant	
difference	between	the	perception	of	quality	of	at	least	some	of	the	tiles.	This	indicates	that	
the	null	hypothesis	should	be	rejected	in	favour	of	the	alternative.	This	did	not	indicate	which	
tiles	 in	 particular	were	 perceived	 to	 be	 of	 a	 different	 quality	 to	 the	 others.	 Post-analysis	
testing	was	 therefore	 performed	 to	 specify	which	 tiles	were	 perceived	 to	 be	 significantly	
different.		
	
6.3.5 Wilcoxon	signed-rank	test	
The	Friedman	test	can	determine	if	the	values	were	statistically	different,	but	cannot	identify	
the	particular	differences	if	there	are	more	than	two	related	groups,	as	there	are	in	this	thesis	
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(seven	different	surface	finishes).	Therefore,	a	Wilcoxon	signed	rank	test	can	be	used	as	a	
further	analysis.	
The	Wilcoxon	signed-rank	test	is	a	non-parametric	alternative	to	a	paired	t-test.	It	is	used	to	
compare	two	collections	of	ordinal	data	from	the	same	participants.	Like	the	Friedman	test,	
it	uses	a	p-value	test	statistic	to	determine	whether	there	is	a	significant	difference	or	not.	
For	further	information	and	theory	on	the	Wilcoxon	signed-rank	test,	please	refer	to	Appendix	
F.	The	significance	level	was	again	placed	at	5%	(p<0.05)	for	this	test.	The	results	from	this	
test	are	shown	in	Table	6.4.	
Table	6.4	–	Wilcoxon	signed-rank	results	for	the	2AFC	test			
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 0.286	 No	
Natural	and	400	sanded	 0.001	 Yes	
Natural	and	800	sanded	 0.000	 Yes	
Natural	and	1200	sanded	 0.000	 Yes	
Natural	and	PUSh	 1.000	 No	
Shot	blasted	and	180	sanded	 0.022	 Yes	
Shot	blasted	and	400	sanded	 0.000	 Yes	
Shot	blasted	and	800	sanded	 0.000	 Yes	
Shot	blasted	and	1200	sanded	 0.000	 Yes	
Shot	blasted	and	PUSh	 0.174	 No	
180	sanded	and	400	sanded	 1.000	 No	
180	sanded	and	800	sanded	 0.070	 No	
180	sanded	and	1200	sanded	 0.036	 Yes	
180	sanded	and	PUSh	 1.000	 No	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 0.628	 No	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 0.007	 Yes	
1200	sanded	and	PUSh	 0.003	 Yes	
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Table	6.4	is	colour	coded	for	any	pairing	where	there	was	a	statistical	significance.	Blue	cells	
indicate	 any	 significance	 (p-values)	 found	 and	 imply	 that	 the	 participants	 found	 the	 tile	
pairings	to	be	significantly	different	in	quality.	
	
Natural	and	shot	blasted	parts	
The	data	suggest	the	natural	and	shot	blasted	tiles	were	not	significantly	different	from	each	
other,	but	were	from	all	of	the	sanded	tiles,	which	implies	the	participants	generally	agreed	
that	the	sanded	parts	were	of	a	significantly	different	perceived	quality	to	the	natural	and	
shot	blasted	parts.		
	
Sanded	parts	
When	the	p-values	for	the	sanded	parts	were	compared,	only	the	180	and	1200	sanded	parts	
were	found	to	have	a	significant	difference	between	each	other.	This	implied	the	participants	
perceived	the	lowest	and	highest	grades	of	sandpaper	to	be	of	a	different	quality	from	each	
other,	 but	did	not	 find	a	 significant	difference	 in	quality	between	 the	other	pairings.	 This	
suggests	that	there	was	not	an	apparent	difference	in	the	sanded	parts	other	than	the	two	
extremes.	
	
PUSh	processed	part	
The	PUSh	processed	part	was	found	to	be	significantly	different	to	the	two	highest	grades	of	
sandpaper	parts,	but	not	from	any	other	pairings.		
	
From	the	p-values	calculated,	it	suggests	that	the	tiles	can	be	placed	into	groups	of	perceived	
quality.	These	consist	of:	
	
• Group	1	–	natural	and	shot	blasted	parts	
• Group	2	–	400,	800	and	1200	grade	sanded	parts	
• The	180	sanded	and	PUSh	parts	would	then	be	outliers.	
	
This	can	be	depicted	more	clearly	using	a	diagram	called	a	boxplot.	
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6.3.6 Boxplot	
Boxplots	give	a	more	detailed	picture	of	the	spread	of	data	by	placing	it	into	quartiles	with	
the	Inter-Quartile	Range	(IQR),	the	middle	50%	of	all	the	data,	being	placed	in	the	“box”.	The	
larger	the	size	of	the	box	shows	a	larger	spread	of	the	data	and	the	median	is	depicted	by	the	
central	line	within	the	box.	The	lines	to	the	top	and	bottom	of	the	box	represent	the	data	that	
lies	up	to	1.5×XY&	with	points	outside	of	these	lines	being	noted	as	outliers.	Starred	outliers	
are	more	extreme,	equating	to	over	3×XY&.	The	overall	spread	of	the	participants’	choices	
can	be	seen	in	the	boxplot	in	Figure	6.4	including	groupings	from	the	Wilcoxon	signed-rank	
test	and	annotations	in	red.	
	
Figure	6.4	-	Boxplot	depicting	the	number	of	times	each	tile	was	chosen	out	of	a	possible	18	pairings,	to	be	of	a	higher	
quality	by	all	participants	during	the	2AFC	tests	
Figure	6.4	shows	the	data	distribution	from	the	2AFC	test	from	all	of	the	participants	for	each	
tile.	The	x-axis	shows	all	of	the	tiles	in	ascending	smoothness	level	and	the	y-axis	is	a	scale	of	
the	number	of	times	a	tile	was	chosen	as	the	highest	quality	tile	of	a	pairing,	out	of	a	possibility	
of	18.	
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Medians	
The	placings	of	 the	medians	and	 IQRs	 for	each	 tile	 imply	whether	 the	participants	mostly	
perceived	the	parts	to	be	of	a	higher	or	lower	quality.	The	more	times	that	a	tile	was	chosen	
as	the	higher	quality	part	of	a	pair	 indicated	a	higher	perceived	quality.	As	is	evident	from	
Figure	6.4,	the	natural	and	shot	blasted	tiles	were	perceived	to	be	of	the	lowest	quality	and	
the	400,	800	and	1200	sanded	tiles	were	the	highest.	The	medians	from	this	diagram	also	
confirm	the	data	given	in	Figure	6.3.		
	
Spread	
The	spread	of	each	boxplot	suggests	the	amount	of	participant	agreement	for	each	tile.	The	
tile	with	the	most	agreement	was	the	180	sanded	tile	because	it	had	a	small	box	for	its	IQR	
and	small	lines	either	side.	The	tile	with	the	least	participant	agreement	was	the	PUSh	process	
tile.	This	was	due	to	its	large	IQR	box	and	lines	that	spread	the	whole	range	of	the	y-axis.		
	
Statistics	
Figure	6.4	also	visually	indicates	the	groupings	from	the	Wilcoxon	signed-rank	test.	Group	1	
contains	the	natural	and	shot	blasted	tiles	and	Group	2	contains	the	400,	800	and	1200	sanded	
tiles.	
	
6.4 Semantic	differential	testing	
In	this	test,	each	participant	was	asked	to	rank	individual	tiles	on	a	set	of	scales	relating	to	
roughness,	 hardness,	 temperature,	 smoothness,	 quality,	 and	 furriness	 as	 identified	 in	 the	
focus	groups.	Both	 the	order	of	 the	 tiles	and	 the	scales	were	completely	 randomised	and	
again,	the	participants	were	not	allowed	to	see	the	parts.	This	test	was	designed	to	encourage	
the	contributors	to	evaluate	their	initial	contact	with	the	tiles	in	the	first	test	with	scales	that	
could	quantify	 their	opinions.	To	 investigate	 this	data,	boxplots	were	created	to	show	the	
spread	of	data	for	all	tiles	from	the	participants.		
	
6.4.1 Roughness	
The	boxplot	in	Figure	6.5	shows	that	the	overall	spread	of	data	implied	that	the	participants	
had	differing	views	of	roughness	between	each	tiles.		
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Figure	6.5	-	Boxplot	of	the	roughness	scale	data	
Medians	
The	medians	of	the	boxplot	in	Figure	6.5	show	the	mid-points	of	the	data	for	each	tile.	The	
natural	and	shot	blasted	tiles	have	the	highest	perceived	roughness	medians	and	IQRs.	The	
400,	800	and	1200	sanded	parts	have	equal	medians	with	low	roughness	IQRs	suggesting	that	
these	tiles	were	perceived	to	be	the	least	rough	and	that	the	participants	may	not	have	been	
able	to	decipher	a	difference	between	those	tiles.	The	180	sanded	and	PUSh	tiles	were	placed	
in	between	these	two	extremes.	
	
Spread	
The	spread	of	the	IQRs	and	boxplots	indicate	the	amount	of	agreement	of	the	participants.	
The	400	sanded	tile	has	an	IQR	of	0	and	no	lines	to	the	top	or	bottom	of	the	median,	which	
implies	the	majority	of	participants	were	 in	agreement	on	the	roughness	of	this	particular	
part.	The	180	sanded	and	PUSh	processed	parts	have	the	largest	spread	of	all	of	the	boxplots,	
with	the	PUSh	part	perceived	rougher	than	the	180	sanded	tile.	
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Statistics	
The	boxplot	in	Figure	6.5	suggests	that	there	was	a	perceived	difference	in	the	tiles	from	their	
placement;	the	Friedman	test	supported	this	with	a	p-value	of	<0.001	which	is	less	than	the	
cut-off	point	of	0.05	 for	 significance.	A	Wilcoxon	signed-rank	 test	was	 then	carried	out	 to	
confirm	that	there	was	no	statistically	significant	difference	between	the	400,	800	and	1200	
sanded	parts	and	also	between	the	natural	and	shot	blasted	parts.	The	data	from	these	tests	
can	be	found	in	Appendix	F.	
	
6.4.2 Hardness	
The	boxplot	 shown	 in	 Figure	6.6	 	 shows	 the	data	distribution	 from	 the	participants	when	
asked	to	analyse	the	tiles	by	their	hardness.	
	
	
Figure	6.6	-	Boxplot	of	the	hardness	scale	data	
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Medians	
The	medians	of	each	tile	are	equal	apart	from	the	shot	blasted	part	which	is	slightly	higher.	
This	suggests	that	the	participants	have	the	same	overall	opinion	of	each	of	the	tiles	especially	
as	they	have	similar	IQRs.	
	
Spread	
The	spread	of	the	IQRs	and	outside	lines	shows	that	the	data	has	a	wide	distribution	for	most	
tiles,	with	the	shot	blasted	tile	having	the	smallest	spread.	This	implies	the	participants	were	
not	necessarily	in	agreement	with	each	other	due	to	the	spread	of	the	boxplots,	but	that	they	
were	largely	in	agreement	of	the	hardness	perceived	for	each	plate	to	be	the	same.	Figure	6.6	
suggests	that	most	participants	gave	the	same	value	of	rating	for	each	tile,	which	was	deduced	
from	the	very	similar	boxplot	placements	and	shapes	shown	in	Figure	6.6.	
	
Statistics	
Due	to	the	large	spread	of	each	of	the	tiles’	data,	it	was	difficult	to	interpret	whether	there	
was	a	perceived	difference	between	 the	 tiles.	 The	Friedman	 test	 gave	a	p-value	of	0.004,	
which	 suggests	 that	 there	 was	 a	 significant	 difference	 as	 this	 p-value	 is	 lower	 than	 the	
significance	 level	 of	 0.05.	 Therefore,	 a	Wilcoxon	 signed-rank	 test	was	 investigated	 to	 see	
where	the	differences	in	hardness	perception	were;	see	Appendix	F	for	this	data.	
	
The	main	 differences	 found	were	 between	 the	 shot	 blasted	 tile	 compared	 to	 the	 others,	
although	these	were	not	found	to	be	statistically	significant.	This	is	suggested	in	Figure	6.6	
from	the	smaller	spread	of	the	boxplot	for	the	shot	blasted	tile.		
	
6.4.3 Temperature	
The	boxplot	in	Figure	6.7	shows	the	overall	spread	of	data	by	the	participants	when	testing	
the	tiles	with	respect	to	temperature.	
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Figure	6.7	-	Boxplot	of	the	temperature	scale	data	
Medians		
The	 medians	 in	 Figure	 6.7	 reduce	 in	 size	 per	 tile	 and	 then	 increase	 again	 for	 the	 PUSh	
processed	 part.	 The	 medians	 for	 the	 400,	 800	 and	 1200	 sanded	 parts	 are	 equal,	 again	
suggesting	the	participants	perceived	them	to	be	similar.		
	
Spread	
The	spread	of	the	IQRs	and	outside	lines	are	again,	quite	large	for	the	most	part.	The	natural	
and	180	sanded	parts	had	the	smallest	distributions	with	the	shot	blasted	and	400	sanded	
having	the	largest	spreads.	The	participants	were	not	as	decisive	for	this	scale	as	they	were	
for	roughness	for	example,	this	is	shown	by	four	of	the	plots	spanning	at	least	six	of	the	scale	
points	if	not,	the	whole	scale.		
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Statistics	
Similarly	to	the	hardness	boxplot,	the	data	shown	in	Figure	6.7	gave	an	ambiguous	view	of	
the	data	as	 to	whether	any	of	 the	tiles	would	be	significantly	different	to	each	other.	The	
Friedman	test	gave	a	p-value	of	<0.001	suggesting	that	there	was	a	perceived	difference.	The	
Wilcoxon	signed-rank	test	(see	Appendix	F)	stated	that	the	differences	came	from	the	natural	
tile	compared	to	the	400,	800	and	1200	sanded	tiles,	which	are	the	two	extreme	medians	
shown	in	Figure	6.7.	There	was	also	a	significant	difference	found	between	the	shot	blasted	
and	800	sanded	tile.	
	
6.4.4 Smoothness	
The	boxplot	in	Figure	6.8	shows	the	overall	spread	of	data	by	the	participants	when	testing	
the	tiles	with	respect	to	smoothness.	
	
	
Figure	6.8	-	Boxplot	of	the	smoothness	scale	data	
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Medians	
The	medians	shown	 in	Figure	6.8	again	show	the	mid	points	of	the	data	for	each	tile.	The	
natural	and	shot	blasted	tiles	have	the	lowest	perceived	smoothness.	The	400,	800	and	1200	
sanded	parts	have	the	highest	medians,	but	the	1200	sanded	part	has	the	highest	perceived	
smoothness	due	to	its	IQR	placing.	The	PUSh	processed	and	180	sanded	parts	are	in	between	
the	two	extremes	respectively.	
	
Spread	
The	highest	and	lowest	perceived	smoothness	tiles	have	the	smallest	data	distributions	with	
the	180	sanded	and	PUSh	tiles	having	much	larger	spreads	due	to	their	IQR	and	outside	line	
sizes.	This	suggests	 that	 the	participants	were	more	 in	agreement	with	each	other	 for	 the	
natural,	shot	blasted	and	higher	sanded	tiles,	but	for	the	other	two,	especially	the	PUSh	tile,	
it	was	unclear	as	to	their	agreement.	
	
Statistics	
The	boxplot	in	Figure	6.8	suggested	that	there	may	have	been	differences	in	perception	of	
smoothness	between	the	tiles,	and	the	Friedman	test	confirmed	this	with	a	p-value	under	the	
0.05	cut-off	of	<0.001.	The	Wilcoxon	signed	rank	tests	(see	Appendix	F),	showed	that	there	
were	many	statistically	significant	differences	between	the	tiles,	however	not	between	the	
natural	and	shot	blasted	and	also	between	the	higher	sanded	tiles.	
	
7.1.1 Quality	
	The	boxplot	in	Figure	6.9	shows	the	overall	spread	of	data	by	the	participants	when	testing	
the	tiles	with	respect	to	quality.	
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Figure	6.9	-	Boxplot	of	the	quality	scale	data	
Medians	
The	medians	in	Figure	6.9	appear	to	increase	with	the	measured	smoothness	of	the	tiles	and	
then	drop	again	for	the	PUSh	processed	part.	The	800	and	1200	sanded	tiles	have	the	highest	
medians	and	the	natural	and	shot	blasted	tiles	have	the	lowest.	
	
Spread	
The	PUSh	processed	part	has	the	highest	overall	spread	as	the	boxplot	for	that	tile	reaches	
the	extremes	of	the	whole	quality	scale,	but	it	does	not	have	the	largest	IQR.	This	suggests	
that	the	participants	were	not	in	agreement	of	the	quality	of	the	PUSh	processed	tile.	The	
spreads	 and	 medians	 together	 suggest	 that	 the	 400,	 800	 and	 1200	 sanded	 tiles	 were	
perceived	to	have	the	highest	quality	out	of	the	tiles,	with	the	natural	and	shot	blasted	tiles	
perceived	as	having	the	lowest	quality.	
	
	
	 Main	User	Trials	-	Results	
	 131	
Statistics	
The	boxplot	in	Figure	6.9	suggested	that	there	may	have	been	differences	in	perception	of	
quality	between	 the	 tiles,	 and	 the	Friedman	 test	 confirmed	 this	with	a	p-value	of	<0.001,	
which	is	below	the	significance	value	of	0.05.	The	Wilcoxon	signed	rank	tests	(see	Appendix	
F),	showed	that	the	main	differences	lay	between	the	natural	and	sanded	parts	as	well	as	the	
shot	blasted	and	sanded	parts.	There	was	also	another	significant	difference	found	between	
the	1200	sanded	part	and	the	PUSh	processed	part.	
	
6.4.5 Furriness	
The	 furriness	 of	 each	of	 the	 tiles	was	 ranked	 in	 the	 semantic	 differential	 experiment	 and	
Figure	6.10	shows	the	outcome.	
	
	
Figure	6.10	-	Boxplot	of	the	furriness	scale	data	
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Medians	
The	medians	in	Figure	6.10	have	two	values:	the	natural,	shot	blasted	and	180	sanded	have	
medians	of	4	and	the	400	sanded,	800	sanded,	1200	sanded,	and	PUSh	processed	parts	have	
medians	 of	 2.	 This	 shows	 a	 substantial	 divide	 between	 the	 two	 groups	 with	 regards	 to	
furriness.	
	
Spread	
The	data	is	widely	spread	and	gives	a	sense	of	ambiguity	to	the	diagram	suggesting	that	the	
participants	were	not	 in	agreement.	However,	even	though	the	data	 is	 largely	distributed,	
there	is	a	clear	divide	between	the	first	three	plates	and	the	last	four	in	distribution.	The	first	
three	plots	for	the	natural,	shot	blasted	and	180	sanded	tiles	are	identical	and	the	last	three	
plots	are	slight	variations	of	each	other.	This	implies	a	change	in	perceived	furriness	between	
the	groups.		
	
Statistics	
The	boxplot	in	Figure	6.10	is	not	clear	on	whether	there	are	any	obvious	statistical	differences	
between	the	furriness	of	the	tiles.	The	Friedman	test	calculated	a	p-value	of	<0.001,	which	is	
below	the	significance	 level	of	0.05	giving	 the	p-value	a	 statistically	 significant	 status.	The	
Wilcoxon	signed-rank	tests	(see	Appendix	F),	showed	that	the	differences	were	between	the	
three	most	furry	parts	and	the	PUSh	processed	tile.	
	
6.4.6 Participant	consistency	
The	previous	boxplots	from	the	sematic	differential	tests	show	the	overall	consensus	of	the	
participants’	opinions	on	different	scales.	From	these	the	agreement	can	be	quantified	using	
an	intra	class	correlation	and	comparing	it	with	Cohen’s	effect	sizes	[136]	as	shown	in	Table	
6.5.	
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Table	6.5	–	ICC	results	from	the	semantic	differential	tests	
Scale	 ICC	
Roughness	 0.648	
Hardness	 0.080	
Temperature	 0.128	
Smoothness	 0.669	
Quality	 0.262	
Furriness	 0.118	
	
The	ICC	calculated	shows	there	were	only	two	scales	that	had	a	strong	effect	size:	roughness	
and	 smoothness.	 The	 other	 scales	 had	 weak	 effect	 sizes	 and	 hardness	 had	 the	 smallest	
coefficient	overall.	This	suggests	that	hardness	was	the	most	ambiguous	of	the	scales	for	the	
participants	 as	 there	 was	 not	 a	 strong	 agreement	 because	 it	 had	 the	 lowest	 coefficient.	
Roughness	and	smoothness	had	very	similar,	strong	coefficients	in	value	which	suggests	that	
they	could	be	perceived	as	opposites.		
	
6.5 Ranking	of	tiles	
After	the	2AFC	and	semantic	differential	tests	had	been	carried	out,	the	participants	were	
asked	to	rank	the	parts	against	each	other	for	a	mobile	phone	case,	in	order	of	quality	for	a	
mobile	phone	case	behind	a	screen.	The	results	were	then	analysed	using	non-parametric	
statistical	tests.	
	
6.5.1 Friedman	test	
As	this	was	the	last	part	of	the	practical	experiment	for	the	participants,	 it	meant	that	the	
data	could	be	interpreted	as	a	fuller	and	more	informed	perception	of	the	surfaces	compared	
with	their	first	impressions	in	the	data	from	the	2AFC	test	earlier.	This	meant	that	another	
Freidman	test	could	be	calculated	and	analysed.		
	
The	Friedman	test	showed	that	there	was	a	significant	difference	between	the	tiles	(p<0.001),	
but	not	between	which	specific	 tiles.	Again	as	 the	data	was	ordinal,	a	 repeated	measures	
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Wilcoxon	signed-rank	test	was	then	used	to	compare	across	all	of	the	tiles	to	determine	where	
the	differences	in	perception	were.	
	
6.5.2 Wilcoxon	signed-rank	test	
The	 results	 from	 the	 repeated	 measures	 Wilcoxon	 signed-rank	 test	 suggest	 that	 the	
differences	 lay	between	the	natural	tile	and	the	sanded	tiles,	the	shot	blasted	tile	and	the	
sanded	tiles	and	the	1200	grade	sanded	tile	and	the	PUSh	processed	tile.	This	can	be	better	
illustrated	using	a	boxplot	as	shown	in	Figure	6.11.	
	
	
Figure	6.11	-	Boxplot	of	the	participants'	data	for	quality	ranking	from	first	to	seventh	
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Medians	
The	medians	 in	 Figure	 6.11	 show	 the	 shot	 blasted	 tile	 to	have	 the	 lowest	median	quality	
ranking	and	the	800	and	1200	sanded	parts	to	have	the	highest	median	quality	rankings.	
	
Spread	and	Statistics	
The	boxplots	in	Figure	6.11	show	that	the	shot	blasted,	180	sanded	and	1200	sanded	parts	
have	the	smallest	IQRs	and	outside	lines,	which	implies	that	many	of	the	participants	agreed	
on	the	rankings	of	these	tiles.	The	800	sanded	and	PUSh	processed	tiles	have	much	larger	
spreads.	The	PUSh	part’s	IQR	spans	most	of	the	scale	indicating	that	the	participants	were	not	
in	agreement	of	these	tiles,	especially	the	PUSh	processed	tile.	From	the	Wilcoxon	signed	rank	
tests	 (see	 Appendix	 F),	 there	 was	 evidence	 pointing	 to	 the	 PUSh	 processed	 part	 being	
perceived	 as	 a	 different	 quality	 and	 the	 boxplot	 supports	 this	 finding	 in	 that	most	 of	 the	
participants	were	not	consistent	with	their	opinion	of	it.	The	data	for	this	tile	spans	the	whole	
scale	and	the	IQR	is	from	first	to	sixth.	
	
6.6 Touch	and	sight	comparison	
After	the	main	part	of	the	experiment	was	complete,	each	participant	was	then	interviewed	
about	their	experience;	they	were	shown	the	parts	in	the	order	that	they	had	been	ranked	
and	were	given	the	option	to	change	their	ranking,	now	that	they	had	a	visual	of	the	parts.	
Out	of	all	of	the	participants,	exactly	half	decided	to	change	their	previous	order	of	quality.	
This	 implies	that	the	perception	of	quality	 is	highly	dependent	on	sight	as	well	as	through	
touch.	The	boxplot	shown	in	Figure	6.12	was	generated	to	show	the	difference	in	spread	of	
data	by	the	participants	from	before	and	after	seeing	the	parts.	The	white	boxes	depict	the	
touch-only	rankings	and	the	dark	boxes	represent	the	sight	data.	
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Figure	6.12	-	Boxplot	of	the	differences	in	data	spread	before	and	after	seeing	the	tiles.	Ranking	is	from	first	to	seventh.	
As	shown	in	Figure	6.12,	most	of	the	plots	for	each	tile	did	not	change	drastically	after	the	
participants	were	shown	the	tiles.	
	
Medians	
All	of	the	medians	were	similar	for	each	tile,	with	no	sight	median	straying	further	than	one	
full	rank	away	from	its	touch	median.	This	indicates	that	although	some	of	the	participants	
may	 have	 changed	 their	 ranking	 order	 after	 seeing	 the	 plates,	 it	 didn’t	 greatly	 affect	 the	
overall	data.	The	natural	and	shot	blasted	tiles	were	both	consistently	ranked	lower	than	the	
other	tiles,	but	their	medians	both	improved	in	rankings	when	including	the	visual	data.	
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Spread	
The	spread	of	the	IQRs	tended	to	be	fairly	conservative	and	similar	between	the	touch	and	
sight	plots.	The	spread	for	the	180	sanded	tile	hardly	changed	at	all,	except	it	lost	the	bottom	
line,	which	implies	that	the	participants	who	ranked	this	tile	slightly	higher	decided	it	was	of	
a	lower	quality	when	they	saw	it	as	the	median	stayed	the	same.	The	opposite	can	be	said	for	
the	400	sanded	part	as	overall	the	spread	was	slightly	improved	after	being	seen.		
	
The	plots	for	the	800	sanded	tile	suggest	that	the	participants	were	not	as	consistent	on	their	
views	 as	 there	was	 a	 large	 spread	of	 participant	data.	 The	 IQRs	 and	medians	 for	 the	800	
sanded	tile	were	still	ranked	highly	suggesting	that	the	majority	of	people	ranked	it	higher	
than	the	other	tiles.	After	being	seen,	the	800	sanded	tile	was	moved	down	slightly.		
	
The	1200	sanded	tile	shows	it	had	the	majority	of	participants	ranking	it	higher	before	it	was	
seen,	as	the	median	was	set	in	the	second	rank	and	the	IQR	spans	only	two	ranks.	However,	
after	participants	viewed	the	tile,	even	though	the	median	stayed	the	same,	the	spread	of	
data	became	larger	suggesting	those	who	initially	ranked	it	highly,	ranked	it	higher	and	those	
who	ranked	it	lower	than	the	median	dropped	their	ranking	slightly.		
	
The	PUSh	processed	tile	again	was	not	consistently	ranked	for	quality	by	the	participants	as	
the	data	spread	and	IQR	range	were	both	very	large.	The	touch-only	and	sight	plots	do	show	
that	sight	was	seemingly	important	to	the	ranking	of	this	tile.	It	implies	that	those	who	ranked	
the	tile	highly,	changed	their	opinion	when	they	viewed	the	tile.	It	is	difficult	to	say	by	how	
much	the	tile	changed	in	ranking	as	the	data	is	so	widely	spread.	
	
6.7 Interviews	
The	interviews	gave	the	participants	a	chance	to	explain	their	opinions	and	findings	and	talk	
about	their	past	experiences	with	phone	cases.	This	was	structured	into	three	stages:	
	
1. Questions	about	the	experiment	
2. Initial	viewing	of	tiles	
3. Personal	experiences	
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6.7.1 Questions	about	the	experiment	
The	participants	were	first	given	a	recap	of	what	was	covered	in	the	experiments	and	then	
they	were	 asked	 if	 they	 had	 found	 themselves	 favouring	 (or	 not)	 certain	 parts.	 93.2%	 of	
participants	 believed	 they	 did	 favour	 and	 recognise	 certain	 parts	 throughout	 the	 testing	
process.		
	
The	participants	were	then	asked	what	their	main	factor	was	when	deciding	on	the	quality	of	
each	tile	examined.	The	most	common	adjective	answered	for	this	question	was	smoothness.	
Over	half	of	the	participants	(54.5%)	stated	that	smoothness	was	one	of	the	main	factors	they	
used	when	deciding	on	the	quality.		
	
6.7.2 Initial	viewing	of	tiles	
The	reveal	of	the	tiles	caused	many	of	the	volunteers	to	inform	the	facilitator	the	plates	were	
not	 what	 they	 expected.	 Many	 believed	 the	 tiles	 to	 be	 made	 of	 different	 materials	 and	
colours.	The	participants	were	then	offered	the	opportunity	to	change	their	ranking	from	the	
experiment,	with	sight	included	in	the	decision	and	exactly	half	of	the	participants	decided	to	
change	their	initial	ranking.		
	
6.7.3 Personal	experiences	
68.2%	of	participants	owned	and	used	a	mobile	phone	case	for	their	own	phone	at	the	time	
of	testing	and	63.6%	claimed	that	protection	was	one	of	the	most	important	factors	that	they	
would	look	for	in	a	mobile	phone	case.	
	
When	asked	if	they	would	consider	buying	a	phone	case	with	any	of	the	surface	finishes	on	
the	 tiles,	 all	 participants	 agreed	 that	 they	 would	 however	 some	 were	 price	 and	 design	
dependent.	The	participants	were	asked	to	pick	out	which	surface	finishes	they	would	most	
be	tempted	to	have	on	a	mobile	phone	case;	Figure	6.13	shows	the	outcome.	
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Figure	6.13	-	Bar	chart	of	tiles	chosen	for	a	phone	case	
Figure	6.13	shows	that	the	1200	sanded	part	is	the	clear	favourite	as	it	was	chosen	the	most	
amount	of	times,	with	the	400	and	800	sanded	parts	in	second	and	third	rank	respectively.	
The	PUSh	processed	part	was	not	far	behind	the	top	three,	and	many	participants	described	
having	mixed	feelings	towards	this	surface.	The	overall	consensus	tended	to	be	that	the	PUSh	
processed	tile	was	not	deemed	to	be	of	a	high	quality,	but	the	nature	of	it	meant	that	the	grip	
would	be	better	than	others.	The	natural	and	shot	blasted	parts	were	chosen	the	least,	which	
was	reflected	in	all	of	the	previous	tests	from	this	experiment.	Again,	this	result	confirms	the	
data	shown	throughout	this	chapter.	
	
Chapter	7	presents	a	discussion	of	the	results.	
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7 Discussion	
	
	
Chapter	6	stated	all	of	the	results	obtained	from	the	main	testing	experiments.	This	chapter	
interprets	these	results	and	suggest	how	they	fit	into	the	wider	field.		
	
7.1 Review	
7.1.1 Problem	Definition	
The	 advances	 of	 AM	 are	 guided	 mostly	 by	 the	 decisions	 of	 machine	 manufacturers	 and	
researchers.	Industry	is	now	becoming	more	prominent	in	the	progression	of	the	technology,	
yet	customer	input	is	still	absent.	The	surface	finish	of	LS	parts	is	also	a	key	aspect	that	is	often	
portrayed	as	a	challenge	to	AM,	especially	for	LS	[7].	Therefore,	this	thesis	investigates	both	
of	these	subjects	and	the	initial	aim	was	outlined	in	Chapter	3:	
	
“This	thesis	utilises	techniques	from	human	factors	research	to	provide	a	novel	
understanding	of	the	way	in	which	surface	finish	affects	users’	perception	of	the	quality	of	a	
LS	part.”	
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7.1.2 Objectives	
From	this	initial	description,	specific	objectives	were	set	to	guide	the	progression:	
1. Identify	range	of	roughness	achievable	with	“standard”	LS	finishing	techniques.	
2. Identify	 relevant	 human	 interactions	 techniques	 to	 assess	 quality	 perception	 of	 LS	
finishing	techniques.	
3. Design	and	conduct	experimental	work	to	quantify	the	perceptions	of	quality.	
4. Identify	how	the	findings	from	this	research	can	be	applied	to	industry.	
	
The	three	objectives	were	met	through	the	experimental	design	process	that	followed.		
1. The	 range	 of	 roughness	 achievable	 was	 conducted	 with	 test	 tiles	 in	 different	
orientations,	from	a	build	using	standard	machine	parameters	in	three	different	types	
of	powders.	These	were	then	measured	using	profilometry.	The	range	of	roughness	
was	found	to	be	between	10.15-20.40µm.	These	tiles	were	then	applied	in	the	focus	
groups.		
2. The	tiles	were	used	to	confirm	if	there	was	a	perceived	difference	between	the	two	
ends	of	the	roughness	scale	by	the	participants.	The	focus	groups	were	used	to	gather	
opinions	 and	 adjectives	 from	 participants	 about	 LS	 parts.	 The	 adjectives	 collected	
were	used	to	develop	the	language	for	the	human	interactions	tests	influenced	by	the	
literature.	
3. The	 language	 then	 contributed	 to	 forming	 the	 sample	 experiments.	 These	 were	
carried	out	with	five	trial	participants	to	gather	feedback	on	the	experimental	process.	
These	iterations	formed	the	main	testing	experiment	and	the	results	were	outlined	in	
Chapter	6.	
	
The	fourth	objective	will	be	addressed	later	in	this	chapter.	
	
By	completing	the	experimental	design	process	and	following	the	original	objectives	set	out	
at	the	start,	this	addressed	the	initial	problem	definition	set	out	in	Chapters	1	and	3.	
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7.2 Effect	of	roughness	on	quality	perception	
7.2.1 Trend	
The	overall	analysis	from	the	main	experimentation	showed	an	increase	in	quality	perception	
with	decreasing	roughness,	up	to	a	certain	point	after	which	no	further	 improvement	was	
observed.	This	coincides	with	the	main	surface	finish	limitation	and	Ariadi	et	al.’s	work,	which	
also	 suggested	 that	 the	 smoother	 surfaces	 were	 favoured	 by	 consumers	 [76,	 77].	 The	
smoothest	sample	showed	an	apparent	decrease	in	quality	perception,	although	it	should	be	
noted	that	this	sample	showed	the	greatest	variation.	This	trend	is	apparent	 in	Figure	7.1,	
which	was	taken	from	the	quality	ranking	section	of	the	tests.	
	
	
Figure	7.1	-	Quality	ranking	of	the	tiles	
The	tiles	were	placed	in	decreasing	roughness	order	for	the	boxplot,	with	the	natural	part	
having	the	roughest	surface	finish	and	the	PUSh	processed	part	having	the	smoothest	surface	
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finish.	The	quality	ranking	scale	showed	the	quality	decreasing	as	the	rank	order	increased,	
with	the	number	rank	of	one	having	the	highest	quality	ranking.		
	
7.2.2 Levels	of	sanding	
In	 particular,	 the	 statistical	 analysis	 of	 the	 2AFC	 test	 showed	 that	 most	 people	 could	
distinguish	between	sanded	and	non-sanded	parts,	but	not	between	levels	of	sanding.	This	
coincides	with	the	similar	surface	profilometry	results	of	the	sanded	parts	stated	in	Chapter	
6.	This	is	shown	in	Figure	7.2.	
	
	
Figure	7.2	-	Boxplot	depicting	the	number	of	times	each	tile	was	chosen	out	of	a	possible	18	pairings,	to	be	of	a	higher	
quality	by	all	participants	during	the	2AFC	tests	
Figure	7.2	shows	the	number	of	times	out	of	18	that	each	tile	was	chosen	to	be	the	higher	
quality	 tile	 of	 a	 pairing;	 the	 800	 and	 1200	 sanded	 tiles	 were	 chosen	 the	most	 overall	 as	
highlighted	on	the	diagram,	as	the	IQRs	and	medians	were	placed	in	the	highest	position	on	
the	 graph	 and	 they	 had	 almost	 identical	 plots.	 This	 data	 took	 into	 account	 all	 of	 the	
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participants’	results,	and	suggested	that	most	of	the	participants	thought	the	higher	graded	
sanded	 parts	 were	 of	 a	 similar	 high	 quality,	 especially	 the	 800	 and	 1200	 sanded	 tiles.		
However,	the	other	tiles	have	different	placings	on	the	diagram.	The	natural	and	shot	blasted	
parts	have	opposite	shaped	plots	to	those	perceived	to	be	of	higher	quality	with	lower	placing	
IQRs	and	medians.	This	suggested	that	they	were	perceived	to	be	of	a	lower	quality,	but	were	
also	perceived	to	be	similar	to	each	other	due	to	their	similar	size	and	shape.		
	
Again,	note	in	Figure	7.2	the	increase	in	quality	of	the	tiles	and	then	the	drop	off	at	the	end,	
mirroring	the	trend	from	the	quality	ranking	test.	Crucially,	this	trend	is	backed	up	by	data	
from	all	of	the	tests	in	the	main	experimentation.	This	further	supports	the	theory	of	other	
potential	factors	affecting	quality	perception	(such	as	friction	measurements).	
	
Another	example	can	be	seen	in	Figure	7.3	from	the	results	of	the	semantic	differential	test	
for	quality.	The	overall	trend	of	quality	increases	as	roughness	decreases	and	then	drops	off	
for	the	last	tile.	Also,	the	boxplot	shows	a	similar	quality	placing	for	both	the	800	and	1200	
sanded	tiles.	This	eliminates	the	specific	test	method	from	being	the	cause	of	the	two	main	
outcomes	of	trend	and	perception	between	sanded	parts	and	gives	confidence	in	the	data.	
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Figure	7.3	-	Data	from	the	semantic	differential	test	for	quality	
	
7.3 Effects	of	other	factors	
7.3.1 Smoothness		
Based	on	 the	 vocabulary	 generated	 from	 the	 focus	 groups,	 different	 adjectives	were	 also	
assessed	(other	than	roughness),	one	of	which	was	smoothness.	One	of	the	main	rules	used	
when	 deciding	 on	 adjectives	 to	 be	 included	 was	 to	 “remove	 ambiguous	 adjectives”,	
developed	 using	 the	 guidelines	 suggested	 by	 Barnes,	 Lillford	 and	 colleagues	 [79,	 80,	 82].	
Smoothness	was	allocated	 its	own	scale	as	 it	was	one	of	 the	most	widely	used	adjectives	
collected	in	the	focus	groups.	 It	was	also,	given	its	own	scale	so	as	not	to	cause	confusion	
among	the	participants	in	case	they	did	not	perceive	smoothness	to	be	the	opposite	adjective	
to	roughness.	The	results	however,	show	a	clear	correlation	between	smoothness	and	quality	
and	an	inverse	relationship	between	roughness	and	quality,	as	shown	in	Figure	7.4.	
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Figure	7.4	-	Scatter	plots	of	the	relationships	between	smoothness	and	quality,	and	roughness	and	quality	
Figure	7.4	shows	that	the	trends	for	roughness	and	smoothness	were	almost	opposite	to	each	
other,	having	gradient	values	of	-1.52	and	1.68	respectively.	The	R2	value	determines	how	
closely	the	data	fits	a	line	of	regression,	or	the	strength	of	correlation	of	the	data.	The	value	
represents	 a	 percentage,	 with	 a	 higher	 number	 indicating	 a	 stronger	 correlation	 and	
relationship.	The	R2	values	of	both	of	the	graphs	were	very	strong	and	similar	to	each	other	
with	0.96	(96%)	and	0.95	(95%)	respectively.	This	suggests	a	strong	relationship	between	both	
roughness	and	smoothness	with	respect	to	quality.	
	
The	 contrasting	 gradients	 imply	 that	 the	 participants	 mostly	 perceived	 smoothness	 and	
roughness	to	be	polar	opposites	of	each	other,	meaning	that	two	separate	scales	would	not	
need	to	be	used	 in	 further	semantic	differential	 tests	 for	smoothness	and	roughness.	This	
relationship	can	be	seen	from	the	inversely	proportional	graph	in	Figure	7.5.	
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Figure	7.5	-	Graph	depicting	the	relationship	between	the	smoothness	and	roughness	scales	
The	data	from	Figure	7.5	depicts	the	relationship	gradient	as	-1.09,	 indicating	an	 inversely	
proportional	 relationship	which	shows	as	smoothness	decreases,	 roughness	 increases	at	a	
very	similar	rate,	suggesting	the	two	adjectives	are	opposite	 in	perceived	meaning.	The	R2	
value	again	shows	a	strong,	 linear	relationship	of	0.96,	which	shows	that	96%	of	 the	total	
variation	in	smoothness	can	be	explained	by	the	linear	relationship	between	smoothness	and	
roughness.	
	
The	data	points	used	in	Figure	7.4	and	Figure	7.5	were	the	medians	for	each	tile	from	the	
semantic	differential	scales.	This	was	to	be	in	keeping	with	the	non-parametric	methods	used	
in	Chapter	6.	Due	to	the	wide	range	and	outliers	of	the	ordinal	data,	the	medians	gave	a	more	
accurate	 image	of	 the	overall	 consensus	 rather	 than	 the	mean	averages,	which	would	be	
influenced	greatly	by	extreme	values.	
	
Over	half	of	 the	participants	claimed	that	smoothness	was	the	main	factor	that	they	used	
when	deciding	 if	 the	 tiles	were	of	a	high	quality	or	not.	 	From	the	results	 in	 the	semantic	
differential	tests,	this	supports	the	claim	that	smoothness	increases	with	quality	and	again	
gives	confidence	in	the	data.	However,	as	shown	in	many	of	the	results	(Figure	6.3	-	Figure	
6.5)	 there	must	 be	 other	 less	 definable	 factors	 involved	when	examining	 the	 relationship	
between	roughness	and	quality	or	smoothness	and	quality.	
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The	PUSh	tile,	whilst	measuring	as	 the	smoothest	 tile	during	profilometry,	had	a	different	
appearance	to	the	other	tiles.	It	was	that	of	a	shiny	material	compared	to	the	other	tiles	that	
were	matte	and	therefore	had	a	different	feel	to	it	other	than	roughness.	One	way	in	which	
this	 could	 be	 addressed	 would	 be	 to	 look	 at	 the	 friction	measurements	 of	 the	 tiles	 and	
compare	 them	 with	 quality.	 This	 would	 give	 more	 depth	 to	 the	 understanding	 of	 the	
relationship	between	surface	finish	and	quality.	
	
7.3.2 Other	adjectives	
Whilst	 the	other	 factors	showed	some	minor	effects	 in	places,	none	showed	a	substantial	
correlation	 with	 quality	 compared	 to	 roughness	 and	 smoothness.	 Figure	 7.6	 shows	 the	
relationships,	or	lack	of,	between	quality	and	the	other	adjectives	assessed	in	the	semantic	
differential	tests.	
	
Figure	7.6	-	Graphs	depicting	the	relationships	between	quality	and	A.)	temperature,	B.)	hardness	and	C.)	furriness	
As	is	apparent	in	Figure	7.6,	none	of	these	results	showed	a	strong	relationship	with	quality.	
All	 three	graphs	show	 low	value	gradients	and	R2	values.	Graph	A	shows	a	slight	negative	
relationship	between	temperature	and	quality	(gradient	of	-0.48),	which	suggests	that	a	lower	
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material	temperature	implies	a	higher	perceived	quality.	However,	with	a	low	R2	value	(0.69),	
this	 suggests	 this	 relationship	may	 not	 be	 consistent	 over	 the	whole	 data	 set.	 The	 same	
material	 was	 used	 to	 create	 all	 seven	 tiles,	 which	 should	 not	 give	 differing	 material	
temperatures.	This	disparity	could	be	due	to	preconceptions	made	throughout	the	testing,	of	
participants	 evaluating	 a	 part	 to	 be	 of	 a	 higher	 quality	 and	 then	 assuming	 it	 has	 a	 lower	
material.	 However,	 with	 a	 low	 R2	 value,	 further	 work	 would	 need	 to	 be	 carried	 out	 to	
investigate	this	claim.	
	
Graph	B	shows	a	weak	relationship	between	hardness	and	quality	with	a	very	small	gradient	
of	-0.19	and	a	very	low	R2	value	of	0.33.	This	lack	of	clarity	could	be	due	to	adjective	ambiguity.	
The	words	soft	and	hard	were	used	in	this	scale,	and	whilst	being	commonly	used	to	quantify	
quality	in	this	research	area	[105],	these	can	be	mistaken	for	other	meanings.	The	exploratory	
procedure	 used	 to	 evaluate	 hardness	 is	 a	 pressing	 gesture	 [9,	 10],	 which	 not	 all	 of	 the	
participants	used	when	analysing	the	tiles	during	the	testing	procedure.	
	
Graph	C	again	shows	that	furriness	does	not	affect	quality	perception.	Whilst	the	data	does	
not	show	a	strong	correlation	between	furriness	and	quality	(with	a	gradient	of	-0.63	and	a	
R2	value	of	0.42),	it	does	show	that	the	participants	consistently	placed	the	tiles	in	one	of	two	
furriness	groups	and	were	either	given	an	overall	score	of	2	or	4.	These	groups	consisted	of	
the	natural,	shot	blasted	and	180	sanded	tiles	(deemed	as	furrier)	and	the	PUSh,	400,	800	and	
1200	sanded	tiles	 (considered	as	 less	 furry).	This	could	 imply	 that	 furry	could	be	 linked	to	
roughness,	with	the	furrier	tiles	having	much	rougher	surface	finishes	compared	to	the	other	
tiles.	
	
The	furriness	scale	is	an	example	of	how	the	perception	of	a	word	can	change	from	person	to	
person.	The	original	word	that	was	going	to	be	used	instead	of	furry	was	velvety,	which	was	
deemed	to	have	too	much	of	a	 link	towards	 luxurious	 items	so	was	discarded	in	favour	of	
furry.	However,	in	hindsight,	velvety	would	have	probably	been	a	better	adjective	to	use	in	
this	instance	as	the	data	suggests	that	furry	was	an	ambiguous	word	choice.	The	rules	outlined	
by	Barnes,	Lillford	and	colleagues	[79,	80,	82]	should	be	followed	more	closely	in	further	work.	
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7.4 Effect	of	sight	
Sight	is	a	factor	that	has	been	debated	by	many	academics	as	to	whether	it	is	necessary	for	
quantifying	perceived	quality	[89,	100-104].	The	choice	was	made	not	to	use	sight	in	the	main	
testing	procedure	 for	 this	 thesis,	as	 the	main	 focus	was	 the	perception	of	quality	 through	
touch.	 However,	 after	 feedback	 from	 the	 trial	 testing,	 a	 reveal	 was	 included	 after	 the	
participants	 had	 blindly	 ranked	 the	 tiles.	 The	 participants	were	 then	 asked	 if	 they	would	
change	 their	 ranking	based	on	 their	new	 sight	 knowledge.	 Exactly	half	 of	 the	participants	
decided	to	change	their	rank	order	when	they	saw	the	tiles.	This	is	a	substantial	proportion	
of	the	volunteers	and	even	though	sight	may	not	have	been	needed	or	used	for	this	particular	
project,	it	definitely	emphasised	that	vision	is	an	important	factor	when	shaping	perceptions.	
Figure	 7.7	 shows	 the	 difference	 in	 data	 spread	 between	 the	 touch	 only	 ranking	 and	 the	
ranking	that	included	sight.	
	
	
	 Discussion	
	 151	
	
Figure	7.7	-	Boxplot	of	the	differences	in	data	spread	before	and	after	seeing	the	tiles	
While	the	boxplots	do	change	in	shape	between	the	two	instances,	it	is	very	little,	suggesting	
that	 the	 participants	 who	 did	 change	 their	 rankings	 did	 not	 differ	 by	 much.	 The	 PUSh	
processed	part	seems	to	drop	in	perceived	quality	when	sight	was	involved	in	the	test.	Out	of	
all	of	the	tiles,	it	was	evident	from	the	interview	that	most	participants	were	very	opinionated	
and	divided	over	the	quality	of	the	PUSh	tile.	Their	perceptions	were	either	one	extreme	or	
the	other	and	rarely	did	it	fall	into	any	middle	ranking	positions.	This	is	a	valid	reason	as	to	
why	the	data	is	so	largely	spread.	Figure	7.7	also	supports	the	group	theory	developed	earlier	
in	this	chapter	where	the	natural	and	shot	blasted	tiles	have	very	similar	plots	and	the	three	
higher	sanded	parts	(i.e.	the	800	and	1200	sanded	have	comparable	plots).	
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There	seemed	to	be	more	variability	in	the	ranking	results	to	that	of	the	semantic	differential	
and	2AFC	tests.	This	could	be	due	to	the	type	of	test	used.	The	2AFC	and	semantic	differential	
tests	did	not	allow	the	participants	to	compare	the	tiles	directly	altogether.	At	this	point,	they	
did	not	know	how	many	tiles	there	were	or	their	differing	qualities.	By	giving	the	volunteers	
the	chance	to	compare	the	tiles	altogether,	this	allowed	them	to	scrutinise	each	one	rather	
than	perceiving	some	tiles	to	be	the	same	or	similar.	For	example,	the	spread	of	data	for	the	
800	 and	 1200	 sanded	 tiles,	 as	 shown	 in	 Figure	 7.7,	 is	 very	 different	 for	 those	 two	 tiles	
compared	to	the	data	in	the	other	results.	(e.g.	Figure	7.2	in	the	2AFC	test).	
	
Therefore,	 for	 further	work,	sight	should	be	 incorporated	 into	the	methodology	as	 it	does	
have	a	substantial	effect	on	the	perception	of	quality	as	stated	by	Klatzky	in	much	of	the	work	
they	published	[101,	104].	
	
7.5 Applying	these	findings	to	industry	
The	fourth	objective	of	this	project	was	to	identify	how	the	findings	from	this	research	can	be	
applied	to	industry.	Currently,	it	is	widely	believed	that	AM	products,	and	in	particular	LS,	do	
not	have	the	immediate	quality	of	surface	finish	that	industry	requires	to	take	on	this	type	of	
manufacture	[7].	
	
The	findings	from	this	project	are	the	beginnings	of	a	robust	and	usable	method	to	better	
understand	the	perception	of	quality	of	AM	parts	and	more	importantly,	what	the	consumer	
wants.	The	combination	of	AM	with	the	affective	engineering	techniques	outlined	by	Barnes,	
Childs	and	Lillford	[78-82]	opens	a	new	strand	of	comprehension	that	can	be	further	explored.	
This	method	could	be	utilised	to	not	only	compare	AM	parts	individually,	but	also	compare	
the	perceptions	AM	techniques	with	how	they	would	fit	in	alongside	the	rivals	in	the	market.	
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7.6 Summary	
The	key	points	of	the	discussion	are:	
• There	 was	 an	 increase	 in	 quality	 perception	 with	 decreasing	 roughness,	 but	 this	
evened	out	at	a	certain	point	after	which	no	further	improvement	was	observed.	
• Most	participants	could	tell	the	difference	between	sanded	and	non-sanded	parts,	but	
not	between	levels	of	sanding.	
• There	was	a	clear	correlation	between	smoothness	and	quality.	
• Smoothness	was	the	main	factor	used	by	most	participants	when	deciding	on	which	
tiles	were	of	high	quality.	
• Sight	has	a	substantial	effect	on	the	perception	of	quality.	
	
Chapter	8	concludes	this	thesis	and	suggests	further	areas	to	be	explored.	
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8 Conclusions	and	Further	Work	
	
	
8.1 Conclusions	
This	thesis	has	created	a	novel	insight	into	the	effect	of	LS	surface	finish	on	perceived	quality;	
Section	8.1	outlines	the	key	findings.	
	
8.1.1 Effect	on	roughness	on	quality	perception	
It	 was	 identified	 that	 surface	 finish	 does	 affect	 quality	 perception,	 with	 a	 decrease	 in	
roughness	leading	to	an	increase	in	perceived	quality.	Crucially,	this	holds	true	until	a	certain	
roughness,	after	which,	this	trend	appears	to	reverse.		
	
In	practice	this	means	there	may	be	benefits	to	companies	in	providing	some	post-processing	
to	their	manufactured	products,	but	that	beyond	a	certain	point,	the	additional	time	and	cost	
will	not	add	any	increase	in	the	perceived	quality	of	a	product.	
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8.1.2 Focus	groups	identified	key	vocabulary	describing	quality	
Focus	groups	identified	key	vocabulary	used	to	describe	quality	and	encouraged	collaborative	
thinking	 of	 the	 participants,	 which	 in	 turn	 generated	 more	 varied	 adjectives.	 Several	
adjectives	were	identified	to	be	useful	when	describing	quality,	but	only	certain	ones	had	real	
impact.	When	 selecting	 the	 adjectives,	 it	 was	 important	 to	 define	which	 rules	 are	 key	 in	
developing	 scales	 that	were	not	 ambiguous.	Developing	an	adapted	 set	of	 rules	 from	 the	
literature	[79,	81,	82]	was	imperative	when	creating	meaningful	semantic	differential	scales.	
The	use	of	two	opposites	in	roughness	and	smoothness	showed	consistency.	The	use	of	the	
“soft-hard”	 scale	was	 an	 example	 of	 a	 not	 so	 impactful	 choice	 of	 adjective	 pairing,	 even	
though	it	is	widely	used	in	the	literature	for	roughness	and	quality	testing	[105].	
	
In	practice,	this	suggests	that	the	semantic	scales	should	be	generated	for	each	application	to	
ensure	 that	 the	 adjectives	 developed	 have	 an	 impact	 on	 the	method	 of	 testing	 for	 each	
product.	
	
8.1.3 Effect	of	sight	
It	was	 identified	that	sight	 is	a	considerable	 factor	 for	participants	to	perceive	quality	 in	a	
product.	The	sense	of	sight	was	prohibited	for	most	of	the	testing	process	to	focus	on	the	
sense	of	touch	when	comparing	roughness	to	quality.	However,	when	vision	was	permitted	
after	the	tiles	had	been	ranked	in	quality	behind	a	screen,	half	of	the	participants	changed	
their	ranking	on	sight.		
	
In	practice,	this	suggests	that	the	surface	finish	of	LS	parts	 is	not	only	a	perceived	issue	of	
roughness	or	smoothness,	but	that	the	appearance	of	the	product	should	also	be	factored	
into	the	equation.		
	
8.2 Further	work	
To	build	upon	this	research,	additional	work	should	focus	on	extending	our	understanding	of	
quality	perception	further.	Specific	areas	of	investigation	to	be	targeted	are:	
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1. Identification	of	optimum	surface	roughness	–	One	crucial	finding	of	this	work	is	that	
decreasing	surface	roughness	does	not	lead	to	a	linear	increase	in	quality	perception.	
Further	 investigations	 should	 be	 conducted	 to	 identify	 the	 optimum	 roughness	 to	
provide	 the	 highest	 perception	 of	 quality,	 particularly	 into	 other	 factors	 that	may	
affect	the	perception	of	quality	such	as	friction	measurements	of	surfaces.	It	was	not	
necessary	to	cover	other	aspects	of	quality	within	this	work,	however,	it	would	be	the	
next	logical	step	in	this	process.	
2. Effect	 of	 interaction	 method	 –	 This	 work	 focussed	 around	 a	 single	 exploratory	
procedure,	with	others	identified	by	Lederman	and	Kaltzky	[9,	10,	94,	97].	These	other	
methods	 of	 interaction	 (e.g.	 gripping)	 should	 be	 explored	 in	 order	 to	 build	 a	
comprehensive	view	of	the	effects	of	roughness	when	related	to	specific	actions.		
3. Effect	 of	 sight	 –	 This	 thesis	 briefly	 touched	 upon	 the	 effect	 of	 sight,	 which	 was	
concluded	to	be	a	considerable	factor	when	perceiving	quality.	Investigating	how	sight	
relates	to	quality	of	LS	parts	would	be	beneficial,	especially	for	different	applications.		
4. Effect	 of	 application	 –	 Only	 one	 application	 (mobile	 phone	 cases)	 was	 used	 to	
investigate	the	perception	of	quality	for	this	project.		By	exploring	other	applications,	
the	perception	of	quality	may	differ	slightly	for	each	products’	use.	As	Norman	stated:	
“No	single	product	can	hope	to	satisfy	everyone”	[106].	This	method	could	be	adapted	
to	many	other	consumer	goods	and	packaging.	This	should	also	include	comparison	to	
injection	moulded	parts.	
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10 Appendices	
10.1 	Appendix	A	
Eithics	letter	of	approval	for	this	thesis.	
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10.2 	Appendix	B	
Virgin	powder	profilometry	data	
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50-50	powder	profilometry	data	
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Used	powder	profilometry	data	
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10.3 	Appendix	C	
These	are	the	documents	used	by	the	facilitator	and	participants	in	the	trial	testing.	
Facilitator	Notes	
These	notes	are	designed	to	help	plan	and	guide	the	facilitator	through	the	draft	protocol	
smoothly	and	to	ensure	that	the	conversation	does	not	steer	too	far	from	the	desired	topic.	
	
Aim	of	the	draft	protocol	
To	 test	 the	methodology	 for	 the	 semantic	 differential	 and	 two	 alternative	 forced	 choice	
experiments.		
	
Key	points	to	be	covered:	
• Two	alternative	forced	choice	method	
• Semantic	differential	method	
• Participants’	opinions	
	
Location	
The	location	should	be	somewhere	free	from	distractions	–	therefore	it	is	strongly	advised	to	
book	a	separate	room	in	advance	e.g.	IPO	rooms,	LT15,	IC	group	rooms,	etc.	
	
Once	the	room	is	booked,	it	can	then	be	set	up	for	testing.	A	few	things	to	remember:	
• The	room	should	have	a	table	and	chairs	for	the	participants	to	carry	out	the	testing.	
• The	test	plates	must	be	labelled	and	ideally	in	correct	order	to	save	time.	
• It	may	be	useful	to	find	a	power	source	before	the	testing	begins	(for	laptop).	
	
Before	Draft	Protocol	
• Make	sure	that	the	participants	have	signed	the	ethics	form	detailing	that	they	can	
leave	at	any	time	and	that	their	participation	will	be	anonymised.	
• Ensure	 that	 the	 samples	 are	 correctly	 labelled	 according	 to	 their	 post	 processing	
technique.	
• Ensure	that	the	plates	are	randomised	before	testing	commences.	
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Two	alternative	forced	choice	method	
This	method	includes	giving	the	participants	two	samples	at	a	time,	behind	a	curtain	so	the	
parts	are	not	seen;	and	asking	them	to	choose	which	one	they	prefer.	The	question	will	be:		
	
“Choose	which	plate	feels	higher	in	quality?”	
	
Before	the	test,	the	plates	will	be	randomised	to	the	order	in	which	the	samples	will	be	given	
to	each	participant.	This	is	to	establish	an	order	of	preference	and	also	to	see	how	long	the	
participants	can	partake	in	the	testing.	(Plates	will	be	tested	three	times	–	participant	will	give	
opinions	at	the	end)	
There	are	45	pairings	to	go	through	the	whole	selection	three	times.	They	will	be	in	this	order:	
2	5	 4	6	 5	6	
2	6	 2	6	 3	4	
1	2	 1	2	 2	6	
3	5	 2	3	 4	5	
2	3	 1	5	 1	5	
5	6	 1	6	 4	6	
4	6	 3	6	 1	6	
3	4	 3	5	 2	3	
3	6	 2	4	 1	4	
1	6	 3	4	 1	3	
1	3	 5	6	 2	4	
2	4	 2	5	 2	5	
1	5	 4	5	 1	2	
1	4	 1	3	 3	5	
4	5	 1	4	 3	6	
	
Semantic	Differential	Testing	
This	method	includes	giving	the	participant	a	plate,	again	behind	a	curtain/screen,	and	then	
asking	them	to	rank	the	part	on	a	pre-written	semantic	scale	sheet.	There	will	be	6	parts	to	
test	in	this	section.	The	parts	have	been	randomised	in	this	order:	1,	6,	5,	2,	4,	3	
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Unstructured	interview	
The	unstructured	interview	will	end	the	draft	protocol.	This	is	where	the	participant	is	asked	
to	give	their	opinions	on	the	experiment	and	this	part	will	be	recorded.	
	
The	question	to	be	asked	is:	
	
“How	did	you	find	this	testing	session,	and	what	are	you	opinions	of	it?”	
	
Make	sure	 the	 language	 is	not	 led.	 If	 the	participant	does	not	seem	to	 respond,	 then	 talk	
about	drawbacks	and	improvements.	
	
Post	Draft	Protocol	
Once	the	draft	protocol	has	finished,	it	is	important	to	check	a	few	things	before	you	forget:	
• Spot	check	the	recording	to	see	if	it	worked	
• Note	any	themes,	hunches,	interpretations	and	ideas	
• Clean	up	any	mess	left	over	
	
Then	the	recording	can	be	transcribed.	
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This	was	the	participant	questionnaire	for	the	trial	test	
Testing	Questionnaire	
	
	
Section	A	
	
Please	answer	the	following	questions	about	yourself:	
	
What	is	your	gender?	 	 Male	
	 	 Female	
	 	 Other	
	 	 Prefer	not	to	say	
	
	
What	is	your	age?	 	 Under	18	
	 	 18-22	
	 	 23-29	
	 	 30-36	
	 	 37+	
	
	
	
Section	B	
	
You	will	now	be	asked	to	choose	between	two	parts	at	a	 time	 in	a	 two	alternative	 forced	
choice	experiment,	led	by	the	facilitator.	
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PTO	
Section	C	
	
Please	rate	the	feel	of	each	part	on	the	semantic	scales	below:	
	
	
Part	_________________	
	
Rough	
	
	
1	 2	 3	 4	 5	 6	 7	 Not	Rough	
Soft	
	
	
1	 2	 3	 4	 5	 6	 7	 Hard	
Warm	
	
	
1	 2	 3	 4	 5	 6	 7	 Cool	
Not	Smooth	
	
	
1	 2	 3	 4	 5	 6	 7	 Smooth	
High	Quality	
	
	
1	 2	 3	 4	 5	 6	 7	 Low	Quality	
Furry	
	
	
1	 2	 3	 4	 5	 6	 7	 Not	Furry	
Any	further	comments:	
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PTO	
Part	_________________	
	
	
Rough	
	
	
1	 2	 3	 4	 5	 6	 7	 Not	Rough	
Soft	
	
	
1	 2	 3	 4	 5	 6	 7	 Hard	
Warm	
	
	
1	 2	 3	 4	 5	 6	 7	 Cool	
Not	Smooth	
	
	
1	 2	 3	 4	 5	 6	 7	 Smooth	
High	Quality	
	
	
1	 2	 3	 4	 5	 6	 7	 Low	Quality	
Furry	
	
	
1	 2	 3	 4	 5	 6	 7	 Not	Furry	
Any	further	comments:	
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PTO	
Part	_________________	
	
	
Rough	
	
	
1	 2	 3	 4	 5	 6	 7	 Not	Rough	
Soft	
	
	
1	 2	 3	 4	 5	 6	 7	 Hard	
Warm	
	
	
1	 2	 3	 4	 5	 6	 7	 Cool	
Not	Smooth	
	
	
1	 2	 3	 4	 5	 6	 7	 Smooth	
High	Quality	
	
	
1	 2	 3	 4	 5	 6	 7	 Low	Quality	
Furry	
	
	
1	 2	 3	 4	 5	 6	 7	 Not	Furry	
Any	further	comments:	
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PTO	
Part	_________________	
	
	
Rough	
	
	
1	 2	 3	 4	 5	 6	 7	 Not	Rough	
Soft	
	
	
1	 2	 3	 4	 5	 6	 7	 Hard	
Warm	
	
	
1	 2	 3	 4	 5	 6	 7	 Cool	
Not	Smooth	
	
	
1	 2	 3	 4	 5	 6	 7	 Smooth	
High	Quality	
	
	
1	 2	 3	 4	 5	 6	 7	 Low	Quality	
Furry	
	
	
1	 2	 3	 4	 5	 6	 7	 Not	Furry	
Any	further	comments:	
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PTO	
Part	_________________	
	
	
Rough	
	
	
1	 2	 3	 4	 5	 6	 7	 Not	Rough	
Soft	
	
	
1	 2	 3	 4	 5	 6	 7	 Hard	
Warm	
	
	
1	 2	 3	 4	 5	 6	 7	 Cool	
Not	Smooth	
	
	
1	 2	 3	 4	 5	 6	 7	 Smooth	
High	Quality	
	
	
1	 2	 3	 4	 5	 6	 7	 Low	Quality	
Furry	
	
	
1	 2	 3	 4	 5	 6	 7	 Not	Furry	
Any	further	comments:	
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PTO	
Part	_________________	
	
	
Rough	
	
	
1	 2	 3	 4	 5	 6	 7	 Not	Rough	
Soft	
	
	
1	 2	 3	 4	 5	 6	 7	 Hard	
Warm	
	
	
1	 2	 3	 4	 5	 6	 7	 Cool	
Not	Smooth	
	
	
1	 2	 3	 4	 5	 6	 7	 Smooth	
High	Quality	
	
	
1	 2	 3	 4	 5	 6	 7	 Low	Quality	
Furry	
	
	
1	 2	 3	 4	 5	 6	 7	 Not	Furry	
Any	further	comments:	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
This	is	the	end	of	section	C.	
	
	
	
	
	
	
PTO	
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Section	D	
	
You	will	now	be	guided	through	an	unstructured	interview	by	the	facilitator.	Please	review	
the	experimental	process	and	feel	free	to	give	honest	opinions.	
	
	
10.4 	Appendix	D	
These	are	the	final	documents	used	in	the	main	experiment	by	both	the	facilitator	and	the	
participants.		
	
Main	Experiment	Agenda	
	
Introduction	
“The	 point	 of	 this	 study	 is	 to	 gather	 your	 opinions	 and	 views	 about	 the	 quality	 of	
different	surfaces.”	
	
Hand	participant	the	information	sheet	and	consent	form.	
	
“Please	 read	 through	 the	 information	 sheet	 and	 consent	 form	 carefully.	 If	 you	 are	
happy	with	them,	please	feel	free	to	sign.”	
	
Take	information	sheet	and	consent	form	back.		
Give	participant	questionnaire	booklet.	
	
“Here	 is	 the	 questionnaire	 booklet	 that	 will	 be	 used	 for	 this	 experimental	 process.	
Please	let	me	know	once	you	have	completed	section	A.”	
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Section	A	
Questions	to	be	answered	in	the	testing	booklet	by	the	participant.	
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Section	B	
Two	alternative	forced	choice	method.	Parts	are	not	seen.		
“Imagine	the	parts	you	are	about	to	explore	are	made	from	a	new	material	for	a	mobile	
phone	case.	 In	each	 instance,	 I	would	 like	you	to	choose	which	plate	 feels	higher	 in	
quality.”		
	
“Do	you	have	any	questions	before	we	start?”	
	
Order	of	plates:	
7		5	 	 2		5	 	 1		6	 	
4		1	 	 3		6	 	 3		4	 	
6		5	 	 3		2	 	 7		1	 	
7		2	 	 6		5	 	 1		3	 	
6		3	 	 5		4	 	 3		2	 	
5		1	 	 2		4	 	 1		4	 	
4		2	 	 5		1	 	 6		4	 	
1		2	 	 5		7	 	 2		5	 	
3		1	 	 2		6	 	 7		4	 	
3		7	 	 7		4	 	 5		4	 	
2		5	 	 3		1	 	 2		7	 	
7		6	 	 3		4	 	 1		2	 	
7		1	 	 2		7	 	 6		7	 	
3		4	 	 6		4	 	 5		3	 	
2		3	 	 7		6	 	 5		6	 	
4		7	 	 7		3	 	 6		2	 	
6		1	 	 3		5	 	 3		6	 	
5		3	 	 2		1	 	 4		2	 	
5		4	 	 7		1	 	 1		5	 	
6		2	 	 4		1	 	 5		7	 	
4		6	 	 6		1	 	 3		7	 	
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Section	C	
Semantic	differential	method.	Parts	are	not	seen.		
	
“This	section	is	a	semantic	differential	experiment.	You	will	be	given	one	part	at	a	time	
to	study	behind	a	screen	and	I	would	like	you	to	rate	each	plate	on	the	scales	in	your	
questionnaire	booklet.	Please	imagine	these	as	the	new	material	for	a	mobile	phone	
case	again.”	
	
“You	are	not	allowed	to	go	back	and	compare	the	parts,	but	you	may	compare	the	
scores	you	give.”	
	
“Do	you	have	any	questions?”	
	
	
Order	of	plates:	5,	3,	6,	1,	4,	2,	7.	
	
Give	the	plates	back	to	the	participant.	
	
“I	would	now	like	you	to	rank	the	plates	in	order	of	quality	behind	the	screen.	Please	
indicate	which	are	the	highest	and	lowest	quality	in	your	opinion.”	
	
Note	down	order.	
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Section	D	
Interview.	Record	using	two	devices	for	transcription.	
	
“For	 the	 final	 part	 of	 this	 testing	 process,	 I	would	 like	 to	 interview	 you	about	 your	
opinions.	This	will	be	recorded.	Just	to	check	that	you	are	still	ok	with	this?”	
	
If	ok,	turn	recording	devices	on.	
	
These	questions	are	prompters.	Skip	if	the	participant	answers	them	by	themselves.	
	
“In	section	B,	the	section	where	you	were	given	two	parts	at	a	time	and	had	to	choose	
which	part	was	higher	 in	quality,	did	you	find	that	you	were	favouring	certain	parts	
each	time?”	
	
“What	was	the	main	factor	you	used	when	deciding	which	was	highest	in	quality?”	
	
Give	participant	the	plates	to	explore	with	sight	in	the	order	they	ranked	them	in	earlier.	
	
“These	are	the	plates	that	were	used	today	and	this	is	the	order	of	preference	that	you	
ranked	the	parts	in	in	section	C.	Does	seeing	the	plates	now	change	your	opinion?”	
	
“Do	you	own	a	case	for	your	own	mobile	phone?	What	do	you	look	for	when	buying	
it?”	
	
“Would	you	be	tempted	to	buy	a	phone	case	with	any	of	these	finishes?	Why?”	
	
	
This	 is	 the	 questionnaire	 document	 that	 was	 given	 to	 the	 participants	 in	 the	 main	
experimentation.	
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Testing	Questionnaire	
What	to	expect:	
This	 testing	 procedure	 is	 in	 place	 to	 gather	 your	 opinions	 and	 views	 about	 the	quality	 of	
different	surfaces.	
	
There	are	four	sections	to	this	experimental	process:	
1. Section	A	contains	simple,	multiple-choice	questions	for	you	to	answer	about	yourself.		
2. In	Section	B,	you	will	be	asked	to	compare	two	parts	at	a	time,	placed	behind	a	screen	
using	what	is	called	the	“Two	alternative	forced-choice	method”.	For	each	pairing	you	
are	given,	you	must	choose	which	part	feels	the	highest	in	quality.	
3. In	Section	C,	you	will	be	given	each	part	separately,	still	behind	a	screen,	to	then	rank	
on	a	scale	against	different	descriptive	words.	
4. Section	D	will	be	an	interview	to	talk	to	you	about	your	experiences	and	opinions	of	
the	parts	you	have	been	analysing.	Please	feel	free	to	give	all	opinions,	the	good	and	
the	bad.	
	
Please	keep	the	parts	on	the	table	and	do	not	pick	them	up.	
	
You	do	not	need	to	wash	your	hands,	as	a	more	natural	consumer	environment	needs	to	be	
simulated.	It	is	highly	unlikely	that	you	wash	your	hands	as	soon	as	you	go	into	a	shop!	
	
If	you	are	unsure	of	anything,	please	ask	the	facilitator.	You	are	free	to	 leave	at	any	point	
should	you	wish	to.	
	
When	you	are	ready,	please	turn	over	the	page	to	start	Section	A.	
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Section	A	
	
Please	answer	the	following	questions	about	yourself:	
	
What	is	your	gender?	 	 Male	
	 	 Female	
	 	 Other	
	 	 Prefer	not	to	say	
	
	
What	is	your	age?		 	 	 ……………………	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Once	you	have	finished	this	section,	please	inform	the	facilitator	and	await	further	
instruction.	
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Section	B	
	
You	will	now	be	asked	to	choose	between	two	parts	at	a	 time	 in	a	 two	alternative	 forced	
choice	experiment,	led	by	the	facilitator.	Please	imagine	the	parts	you	are	about	to	study	are	
made	from	a	new	material	for	a	mobile	phone	case.		
	
You	do	not	need	the	questionnaire	for	this	section.	
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Section	C	
	
Please	rate	each	part	on	the	semantic	scales	below.	You	are	encouraged	to	write	down	on	
anything	you	notice	in	the	comments	box	underneath:	
	
Part	1	
	
Cool	 1	 2	 3	 4	 5	 6	 7	 Warm	
	
Low	Quality	 1	 2	 3	 4	 5	 6	 7	 High	Quality	
	
Rough	 1	 2	 3	 4	 5	 6	 7	 Not	Rough	
	
Furry	 1	 2	 3	 4	 5	 6	 7	 Not	Furry	
	
Soft	 1	 2	 3	 4	 5	 6	 7	 Hard	
	
Smooth	 1	 2	 3	 4	 5	 6	 7	 Not	Smooth	
	
	
Any	further	comments:	
	
	
	
	
	
	
	
	
	
Please	inform	the	facilitator	when	you	have	finished	and	turn	over	the	page.	
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Part	2	
	
Smooth	 1	 2	 3	 4	 5	 6	 7	 Not	Smooth	
	
Low	Quality	 1	 2	 3	 4	 5	 6	 7	 High	Quality	
	
Not	Furry	 1	 2	 3	 4	 5	 6	 7	 Furry	
	
Hard	 1	 2	 3	 4	 5	 6	 7	 Soft	
	
Not	Rough	 1	 2	 3	 4	 5	 6	 7	 Rough	
	
Warm	 1	 2	 3	 4	 5	 6	 7	 Cool	
	
	
Any	further	comments:	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Please	inform	the	facilitator	when	you	have	finished	and	turn	over	the	page.	
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Part	3	
	
Smooth	 1	 2	 3	 4	 5	 6	 7	 Not	Smooth	
	
Low	Quality	 1	 2	 3	 4	 5	 6	 7	 High	Quality	
	
Furry	 1	 2	 3	 4	 5	 6	 7	 Not	Furry	
	
Cool	 1	 2	 3	 4	 5	 6	 7	 Warm	
	
Soft	 1	 2	 3	 4	 5	 6	 7	 Hard	
	
Not	Rough	 1	 2	 3	 4	 5	 6	 7	 Rough	
	
	
Any	further	comments:	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Please	inform	the	facilitator	when	you	have	finished	and	turn	over	the	page.	
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Part	4	
	
Hard	 1	 2	 3	 4	 5	 6	 7	 Soft	
	
Not	Smooth	 1	 2	 3	 4	 5	 6	 7	 Smooth	
	
Low	Quality	 1	 2	 3	 4	 5	 6	 7	 High	Quality	
	
Warm	 1	 2	 3	 4	 5	 6	 7	 Cool	
	
Rough	 1	 2	 3	 4	 5	 6	 7	 Not	Rough	
	
Furry	 1	 2	 3	 4	 5	 6	 7	 Not	Furry	
	
	
Any	further	comments:	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Please	inform	the	facilitator	when	you	have	finished	and	turn	over	the	page.	
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Part	5	
	
Smooth	 1	 2	 3	 4	 5	 6	 7	 Not	Smooth	
	
Low	Quality	 1	 2	 3	 4	 5	 6	 7	 High	Quality	
	
Warm	 1	 2	 3	 4	 5	 6	 7	 Cool	
	
Not	Furry	 1	 2	 3	 4	 5	 6	 7	 Furry	
	
Hard	 1	 2	 3	 4	 5	 6	 7	 Soft	
	
Not	Rough	 1	 2	 3	 4	 5	 6	 7	 Rough	
	
	
Any	further	comments:	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Please	inform	the	facilitator	when	you	have	finished	and	turn	over	the	page.	
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Part	6	
	
Warm	 1	 2	 3	 4	 5	 6	 7	 Cool	
	
Soft	 1	 2	 3	 4	 5	 6	 7	 Hard	
	
Furry	 1	 2	 3	 4	 5	 6	 7	 Not	Furry	
	
Not	Smooth	 1	 2	 3	 4	 5	 6	 7	 Smooth	
	
High	Quality	 1	 2	 3	 4	 5	 6	 7	 Low	Quality	
	
Not	Rough	 1	 2	 3	 4	 5	 6	 7	 Rough	
	
	
Any	further	comments:	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Please	inform	the	facilitator	when	you	have	finished	and	turn	over	the	page.	
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Part	7	
	
Smooth	 1	 2	 3	 4	 5	 6	 7	 Not	Smooth	
	
Rough	 1	 2	 3	 4	 5	 6	 7	 Not	Rough	
	
Warm	 1	 2	 3	 4	 5	 6	 7	 Cool	
	
Not	Furry	 1	 2	 3	 4	 5	 6	 7	 Furry	
	
Hard	 1	 2	 3	 4	 5	 6	 7	 Soft	
	
High	Quality	 1	 2	 3	 4	 5	 6	 7	 Low	Quality	
	
	
Any	further	comments:	
	
	
	
	
	
	
	
	
	
	
	
	
	
Once	you	have	finished	this	section,	please	inform	the	facilitator	and	await	further	
instruction.	
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Section	D	
	
You	 will	 now	 be	 guided	 through	 an	 interview	 by	 the	 facilitator.	 Please	 review	 the	
experimental	process	and	 feel	 free	 to	give	honest	opinions.	 This	 is	 the	 last	 section	of	 the	
testing	procedure.	
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10.5 	Appendix	E	
This	is	some	theory	on	the	Freidman	test.	More	information	can	be	found	in	here:	
https://statistics.laerd.com/spss-tutorials/friedman-test-using-spss-statistics.php	
	
Friedman	test	
The	 Friedman	 test	 is	 used	 to	 determine	 whether	 c	 groups	 have	 been	 selected	 from	
populations	having	equal	medians.	
	 J0 = Z: = Z[ = ⋯ = Z] 	J: = ^OG	>--	Z_>A@	@TU>-	
Where:	j	=	1,	2,	…,	c	
	
To	conduct	this	test,	you	replace	the	data	values	with	the	corresponding	ranks,	so	you	assign	
1	to	the	smallest	value	group	and	rank	c	to	the	largest.	If	any	of	the	groups	are	tied,	you	assign	
them	with	the	mean	of	the	ranks	that	they	would	otherwise	have	been	assigned.	Thus	Rij	is	
the	rank	(from	1	to	c)	
	
Friedman	rank	test	for	differences	among	c	medians:	
	
a` = 12AP(P + 1) &_[]_9: − 3A(P + 1)	
Where	
Rj2	=	square	of	the	total	of	the	ranks	for	group	j	(j=1,	2,	…,	c)	
r	=	number	of	participants	
c	=	number	of	groups	
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10.6 	Appendix	F	
Wilcoxon	signed-rank	test	
The	theory	for	this	statistical	test	is	very	complex.	For	more	detailed	information,	please	refer	
to	Laerd	Mathematics:	
https://statistics.laerd.com/spss-tutorials/wilcoxon-signed-rank-test-using-spss-
statistics.php	
	
Roughness	Wilcoxon	signed	rank	table	
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 0.000	 Yes	
Natural	and	400	sanded	 0.000	 Yes	
Natural	and	800	sanded	 0.000	 Yes	
Natural	and	1200	sanded	 0.000	 Yes	
Natural	and	PUSh	 0.201	 No	
Shot	blasted	and	180	sanded	 0.000	 Yes	
Shot	blasted	and	400	sanded	 0.000	 Yes	
Shot	blasted	and	800	sanded	 0.000	 Yes	
Shot	blasted	and	1200	sanded	 0.000	 Yes	
Shot	blasted	and	PUSh	 0.010	 Yes	
180	sanded	and	400	sanded	 0.187	 No	
180	sanded	and	800	sanded	 0.174	 No	
180	sanded	and	1200	sanded	 0.047	 Yes	
180	sanded	and	PUSh	 1.000	 No	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 0.000	 Yes	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 0.000	 Yes	
1200	sanded	and	PUSh	 0.000	 Yes	
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Hardness	Wilcoxon	signed	rank	table	
	
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 1.000	 No	
Natural	and	400	sanded	 1.000	 No	
Natural	and	800	sanded	 1.000	 No	
Natural	and	1200	sanded	 1.000	 No	
Natural	and	PUSh	 1.000	 No	
Shot	blasted	and	180	sanded	 0.130	 No	
Shot	blasted	and	400	sanded	 0.174	 No	
Shot	blasted	and	800	sanded	 0.059	 No	
Shot	blasted	and	1200	sanded	 0.150	 No	
Shot	blasted	and	PUSh	 0.904	 No	
180	sanded	and	400	sanded	 1.000	 No	
180	sanded	and	800	sanded	 1.000	 No	
180	sanded	and	1200	sanded	 1.000	 No	
180	sanded	and	PUSh	 1.000	 No	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 1.000	 No	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 1.000	 No	
1200	sanded	and	PUSh	 1.000	 No	
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Temperature	Wilcoxon	signed	rank	table	
	
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 0.375	 No	
Natural	and	400	sanded	 0.005	 Yes	
Natural	and	800	sanded	 0.000	 Yes	
Natural	and	1200	sanded	 0.007	 Yes	
Natural	and	PUSh	 0.111	 No	
Shot	blasted	and	180	sanded	 1.000	 No	
Shot	blasted	and	400	sanded	 0.103	 No	
Shot	blasted	and	800	sanded	 0.004	 Yes	
Shot	blasted	and	1200	sanded	 0.130	 No	
Shot	blasted	and	PUSh	 1.000	 No	
180	sanded	and	400	sanded	 1.000	 No	
180	sanded	and	800	sanded	 0.590	 No	
180	sanded	and	1200	sanded	 1.000	 No	
180	sanded	and	PUSh	 1.000	 No	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 1.000	 No	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 1.000	 No	
1200	sanded	and	PUSh	 1.000	 No	
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Smoothness	Wilcoxon	signed	rank	table	
	
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 0.000	 Yes	
Natural	and	400	sanded	 0.000	 Yes	
Natural	and	800	sanded	 0.000	 Yes	
Natural	and	1200	sanded	 0.000	 Yes	
Natural	and	PUSh	 0.162	 No	
Shot	blasted	and	180	sanded	 0.000	 Yes	
Shot	blasted	and	400	sanded	 0.000	 Yes	
Shot	blasted	and	800	sanded	 0.000	 Yes	
Shot	blasted	and	1200	sanded	 0.000	 Yes	
Shot	blasted	and	PUSh	 0.082	 No	
180	sanded	and	400	sanded	 0.047	 Yes	
180	sanded	and	800	sanded	 0.187	 No	
180	sanded	and	1200	sanded	 0.005	 Yes	
180	sanded	and	PUSh	 0.520	 No	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 0.000	 Yes	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 0.000	 Yes	
1200	sanded	and	PUSh	 0.000	 Yes	
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Quality	Wilcoxon	signed	rank	table	
	
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 0.187	 No	
Natural	and	400	sanded	 0.000	 Yes	
Natural	and	800	sanded	 0.000	 Yes	
Natural	and	1200	sanded	 0.000	 Yes	
Natural	and	PUSh	 1.000	 No	
Shot	blasted	and	180	sanded	 0.010	 Yes	
Shot	blasted	and	400	sanded	 0.000	 Yes	
Shot	blasted	and	800	sanded	 0.000	 Yes	
Shot	blasted	and	1200	sanded	 0.000	 Yes	
Shot	blasted	and	PUSh	 0.201	 No	
180	sanded	and	400	sanded	 1.000	 No	
180	sanded	and	800	sanded	 1.000	 No	
180	sanded	and	1200	sanded	 0.111	 No	
180	sanded	and	PUSh	 1.000	 No	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 0.232	 No	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 0.096	 No	
1200	sanded	and	PUSh	 0.005	 Yes	
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Furriness	Wilcoxon	signed	rank	table	
	
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 1.000	 No	
Natural	and	400	sanded	 0.140	 No	
Natural	and	800	sanded	 0.267	 No	
Natural	and	1200	sanded	 0.306	 No	
Natural	and	PUSh	 0.010	 Yes	
Shot	blasted	and	180	sanded	 1.000	 No	
Shot	blasted	and	400	sanded	 0.351	 No	
Shot	blasted	and	800	sanded	 0.628	 No	
Shot	blasted	and	1200	sanded	 0.711	 No	
Shot	blasted	and	PUSh	 0.031	 Yes	
180	sanded	and	400	sanded	 0.187	 No	
180	sanded	and	800	sanded	 0.351	 No	
180	sanded	and	1200	sanded	 0.401	 No	
180	sanded	and	PUSh	 0.014	 Yes	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 1.000	 No	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 1.000	 No	
1200	sanded	and	PUSh	 1.000	 No	
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10.7 	Appendix	F	
Wilcoxon	signed	rank	touch	data	
	
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 0.328	 No	
Natural	and	400	sanded	 0.000	 Yes	
Natural	and	800	sanded	 0.000	 Yes	
Natural	and	1200	sanded	 0.000	 Yes	
Natural	and	PUSh	 0.628	 No	
Shot	blasted	and	180	sanded	 0.001	 Yes	
Shot	blasted	and	400	sanded	 0.000	 Yes	
Shot	blasted	and	800	sanded	 0.000	 Yes	
Shot	blasted	and	1200	sanded	 0.000	 Yes	
Shot	blasted	and	PUSh	 0.002	 Yes	
180	sanded	and	400	sanded	 0.628	 No	
180	sanded	and	800	sanded	 0.711	 No	
180	sanded	and	1200	sanded	 0.076	 No	
180	sanded	and	PUSh	 1.000	 No	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 0.328	 No	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 0.375	 No	
1200	sanded	and	PUSh	 0.033	 Yes	
	
	
	
